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ABSTRACT

The use of pan-HDACI for disease treatment has gained an interest in recent years, albeit
exhibiting low specificity, variable efficacy and side effects. Each HDAC with its own activity
could be considered as an independent pharmacological target to develop an effective therapy that
circumvents the adverse effects of pan-HDACI treatment. HDACS belongs to class | HDAC and
is known to modulate cohesin complex activity through deacetylation of SMC3. It possesses a
unique structure among HDACs, which allowed the development of highly specific inhibitors,
such as the PCI-34051. However, HDACS function and its involvement in pathological conditions
is still largely unknown. To examine in depth HDACS physiological and pathological roles and
assess whether it can represent a valuable pharmacological target, we analysed its function and the
effect of its inhibition by using both in vitro (cell lines) and in vivo (zebrafish) models. In
particular, we assessed HDACS8 function in three different tissues and related disorders: i)
haematopoietic stem and progenitor cells (HSPC) and acute myeloid leukemia (AML); ii) neural
stem cells (NSC) and Cornelia de Lange syndrome (CdLS); iii) skeletal muscle and Duchenne
muscular dystrophy (DMD). We found that HDACS8 overexpression increased the proliferation of
HSPCs in zebrafish and that its inhibition with PCI treatment restored normal phenotype,
favouring cell cycle arrest, and induced apoptosis of AML cells. By contrast, HDAC8 knockdown
lead to impairment of both central nervous system development and skeletal muscle
differentiation. Furthermore, we found that HDACS8 overexpression is also associated with DMD
phenotype and demonstrated that treatment with PCI inhibitor almost restored normal condition.
Such positive effects were underlined by multiple mechanisms, which included cell cycle arrest,

apoptosis induction and modulation of canonical Wnt pathway. Moreover, by acetylome profiling



we identified a-tubulin as HDACS target thus revealing HDACS involvement in regulation of
microtubule structure.

Additionally, to confirm the involvement of HDACS in the aforementioned pathologies, we
investigated also the role of its partner NIPBL. By RNA-seq analysis we assessed the effect of
NIPBL knockdown on gene expression revealing a number of differentially expressed genes linked

to pathways altered in CdLS or AML.



1. INTRODUCTION

1.1 HDACS

1.1.1 An overview on histone deacetylases

Histone deacetylases (HDACSs) are a highly conserved family of enzymes that are responsible for
the removal of acetyl moieties from lysine residues. Since their discovery, 18 human HDAC
isoforms were characterized and classified on the basis on their structure, function, sub-cellular
localization and homology to yeast HDACs. According to these criteria, four classes were
identified: class I, which comprises HDACL1,2,3 and 8; class Il, which is further subdivided into
class lla, including HDAC4,5,7 and 9, and class Ilb, composed by HDAC6 and HDAC10; class
I11, which is the class of the sirtuins family (SIRT1-7); class IV, with a uniqgue member HDAC11.
Classes I, Il and IV HDACs are Zn?*-dependent enzymes sharing a conserved catalytic domain.
By contrast, class 111 sirtuins are NAD*-dependent deacetylases and present a different catalytic
domain compared to other HDACs (Parbin et al. 2014). Class | HDACs are mainly nuclear,
whereas other classes members are able to shuttle from the nucleus to the cytoplasm and sirtuins
were found to localize also in mitochondria (Banerjee et al. 2019).

HDACSs were initially identified as negative regulators of gene expression: deacetylation of lysines
on histone tails by HDACs increases the positive charge of tails, which in turn bind to the negative
charged DNA, causing chromatin condensation and preventing transcription. Since HDACs lack
DNA-binding capability, they require association with protein complexes to execute their gene
expression modulation activity (Patra et al. 2019). In addition to this well-known function, studies
revealed that HDACs are also involved in post-translational modification of non-histone proteins,
regulating diverse cellular processes such as cell cycle progression, apoptosis and cytoskeleton

dynamics. For example, class | HDACs were reported to deacetylate several transcription factors



(Banerjee et al. 2019), whereas HDACG6 was demonstrated to deacetylate tubulin (Hubbert et al.

2002).

1.1.2 HDACS: structure and substrates

Histone deacetylase 8 (HDACS) is the last characterized class | HDAC. It is a ubiquitously
expressed Zn?*-dependent HDAC mapped on human chromosome X (Buggy et al. 2000; Hu et al.
2000; Van Den Wyngaert et al. 2000). HDACS is the smallest class | HDAC and studies revealed
that it is characterized by unique features compared to other members of its class. Structurally,
HDACS is a 42 kDa protein (377 amino acids) consisting of a N-terminal serine binding domain
and a HDAC catalytic domain, which also contains the nuclear localization signal. Like other class
I members, HDACS8 possesses a catalytic tyrosine Y306, which is preceded by a class | HDAC
specific tetra-glycine motif (G302GGGY) (Porter et al. 2016). These glycine residues were proven
to play a crucial role in deacetylation reaction, as single amino acid substitutions cause loss of
Y306 catalytic activity (Porter et al. 2016). The active site of the enzyme is constituted by a tunnel
that leads to a cavity in which the catalytic site resides. According to crystallography studies, the
tunnel is formed by amino acids F152, F208, H180, G151, M274 and Y306, which are conserved
among class | HDACs, except for methionine 274, which is a leucine in all other class | members
instead (Somoza et al. 2004). As for the catalytic domain, it presents 7 loops (L1-L7) and the Zn?*
ion is located between L4 and L7 (Lombardi et al. 2011). Compared to other class | HDACs,
HDACS lacks the C-terminal protein binding domain, which is required for the recruitment to
complexes regulating HDACs function, thus suggesting either its activity might not require co-
complexes or it might use different recruitment mechanisms (Somoza et al. 2004). Also, in
proximity of the active site HDACS8 possesses a peculiar N-terminal L1 loop, in terms of size and
composition as well as of flexibility. In fact, the L1 loop is highly flexible and capable of
undergoing conformational changes to accommodate different substrates (Somoza et al. 2004).

Additionally, HDACS differs from other class | HDACs due to its unique regulation by cAMP-



dependent protein kinase (PKA), which negatively modulates its deacetylase activity by
phosphorylation of serine S39 (H. Lee, Rezai-Zadeh, and Seto 2004).

Despite belonging to class I, HDAC8 was shown to localize both in the nucleus and in the
cytoplasm (Waltregny et al. 2005; J. Li et al. 2014). Whether histones can be considered HDACS8
targets is still debated. In fact, while in vitro deacetylase assays indicated HDACS activity over
histones and histone tail-derived peptides (Buggy et al. 2000; Hu et al. 2000; Van Den Wyngaert
et al. 2000; H. Lee, Rezai-Zadeh, and Seto 2004), successive acetylome studies failed in
identifying acetylation changes of histones following HDAC8 modulation (Olson et al. 2014,
Scholz et al. 2015). On the contrary, among nuclear substrates, several proteins involved in
transcription regulation and mRNA processing were identified. The first evidence of deacetylation
of transcription factors by HDACS8 was reported by Wilson and colleagues, who showed that
HDACS positively modulates estrogen-related receptor oo (ERRa) binding to DNA, both in vitro
and in vivo (Wilson et al. 2010). More recently, an acetylome study identified other transcription
factors and mRNA processing modulators as candidate HDACS targets, such as retinoic acid
induced 1 (RAI1), AT-rich interactive domain-containing protein 1A (ARID1A), zinc finger Ran-
binding domain-containing protein 2 (ZRANB2) and nuclear receptor co-activator 3 (NCOA3)
(Olson et al. 2014). Interestingly, HDACS8 was shown to negatively modulate p53 function. Wu
and colleagues demonstrated that HDACS not only suppresses p53 activity through deacetylation
of Lys382, but also downregulates its expression, thus promoting cell cycle progression and
inhibiting intrinsic apoptotic pathway (Wu et al. 2013). Importantly, p53 deacetylation by HDAC8
was demonstrated to play a pivotal role in favouring long-term hematopoietic stem cell (LT-HSC)
survival under hematopoietic stress, as conditional Hdac8%“ mice showed a progressive loss of
HSC repopulating capability over time (Hua et al. 2017). Another well-known HDACS8 nuclear
substrate is the cohesin complex protein structural maintenance of chromosome 3 (SMC3), which
acetylation/deacetylation modulate cohesin recycling (see paragraph 1.1.3) (Deardorff, Bando,

et al. 2012; Scholz et al. 2015).



As for cytoplasmic substrates, HDACS8 seems to be mainly involved in the deacetylation of targets
associated with cytoskeleton dynamics. Li and colleagues demonstrated that HDACS8 is
responsible for cortactin deacetylation in smooth muscle tissue in response to acetylcholine
stimulation, thus strongly affecting smooth muscle contraction as deacetylated cortactin is able to
induce actin polymerization (J. Li et al. 2014). Also, HDAC8 was shown to associate with smooth
muscle a-actin (Waltregny et al. 2005; Saito et al. 2019). Similarly, HDACS inhibition was
reported to negatively affect TGFB1-induced contraction in human lung fibroblasts (Saito et al.
2019). Moreover, a recent paper highlighted a new role for HDACS as an a-tubulin deacetylase in
HelLa cells (Vanaja, Ramulu, and Kalle 2018).

In addition to its canonical deacetylase activity, a scaffolding function has been proposed for
HDACS. Evidence supporting this hypothesis came from Gao and colleagues, who showed that
HDACS binds both cAMP response element-binding protein (CREB) and protein phosphatase 1
(PP1), thus favouring CREB dephosphorylation by PP1 and reducing CREB-mediated gene

expression (J. Gao et al. 2009).

1.1.3 HDACS and cohesin

Cohesin is a ring-shaped multiprotein complex which is highly conserved among species. It
favours DNA encircling and mediate diverse functions, such as modulation of sister chromatid
cohesion during cell cycle (Michaelis, Ciosk, and Nasmyth 1997; Watrin and Peters 2009;
Jeppsson et al. 2014) and transcriptional regulation by both mediating chromatin architecture
modification (Wendt et al. 2008; Kagey et al. 2010; Seitan et al. 2013; Lyu, Rowley, and Corces
2018; Bernardi 2018) and interacting with RNA polymerase 1.

The core structure of the complex in human is composed by structural maintenance of chromosome
1 and 3 (SMC1 and SMC3), by the a-kleisin subunit RAD21 (homologue of yeast Sccl) (Nasmyth
2011) and by either stromal antigen 1 or 2 (SA1 and SA2, also known as STAG1 and STAG2)

(Canudas and Smith 2009). In addition, several other factors associate with cohesin to modulate



its function, such as the Nipped B-like (NIPBL) and MAU?2 proteins, which are responsible for
loading the complex onto DNA (Ciosk et al. 2000; Krantz et al. 2004).

Cohesin operates in a cyclic manner (Figure 1): it is loaded onto DNA, performs its function and
then is removed from the chromosome to start a new cycle. For the proper occurrence of this cycle,
the acetylation of SMC3 is crucial, as it makes the complex cohesive. In human acetylation of
SMC3 occurs on K105/K106 and is performed by ESCO1 or ESCO2 acetyltransferase (Hou and
Zou 2005; Vega et al. 2005), whereas HDACS deacetylates the subunit to mediate recycling of the

complex (Deardorff, Bando, et al. 2012).
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Figure 1: Cohesin complex and accessory factors. Adapted from (Pezzotta et al. 2019)

1.1.4 HDACS and disorders

In the last years some studies revealed increasing evidence of HDACS involvement in several
diseases, ranging from cancer to viral infections (Figure 2). The first description of HDACS8
involvement in human disorders was in patients affected by Cornelia de Lange Syndrome (CdLS)
(Deardorff, Bando, et al. 2012; Kaiser et al. 2014; Feng et al. 2014; X. Gao et al. 2018), a

multiorgan disorder characterized by intellectual disability, facial dysmorphism, growth



retardation, limb defects and cardiac anomalies (Kline et al. 2018) and associated to mutation of
cohesin members (Tonkin et al. 2004; Krantz et al. 2004; Musio et al. 2006; Deardorff et al. 2007,
Deardorff, Wilde, et al. 2012). In these patients HDAC8 mutations are mainly de novo missense
mutations causing complete or partial loss of deacetylase activity and they were reported to
associate with severely skewed X inactivation, thus suggesting a strong negative selection for the
mutant allele (Deardorff, Bando, et al. 2012; Decroos et al. 2014; Kaiser et al. 2014). How HDACS8
or other cohesin subunits mutations cause CdLS is still debated. Sister chromatid cohesion was
unaffected in CdLS patients (Castronovo et al. 2009), but recent works highlighted dysregulation
of multiple vital biological processes in mutant cohesin cell lines (Liu et al. 2009; Yuen et al. 2016;
Mills et al. 2018), thus suggesting that the mechanism underlying the syndrome may be a genome-
wide gene expression dysregulation. Indeed, HDAC8 mutations cause dysregulation of gene
expression in a lymphoblastoid cell line (LCL) derived from a CdLS patient and the genome
alteration strongly correlated with those found in cell lines carrying mutation of NIPBL (Deardorff,
Bando, et al. 2012).

Differently from CdLS, no HDAC8 mutation has been associated to cancer so far. Conversely,
HDACS dysregulation or overexpression was reported. A study by Nakagawa and colleagues
identified HDACS overexpression in several cancers, including lung, gastric, pancreas and colon
cancers (Nakagawa et al. 2007). In hepatocellular carcinoma HDACS upregulation was associated
to increased proliferation and inhibition of apoptosis (Wu et al. 2013), whereas in a model of non-
alcoholic fatty liver disease-associated hepatocellular carcinoma (NAFLD-associated HCC) it was
demonstrated to both sustain NAFLD by inducing insulin resistance and promote tumour growth
by positively modulating the canonical WNT pathway (Tian et al. 2015). In breast cancer cells
HDACS was reported to promote invasion through induction of metallopeptidase 9 (Park et al.
2011) and its high expression was correlated with advanced stage neuroblastoma and poor
outcome (Oehme et al. 2009). HDACS was associated to haematological malignancies as well. In

a study by Moreno and colleagues, an increase in HDACS expression was found in a group of 94



childhood acute lymphoblastic leukemia (ALL) patients (Moreno et al. 2010). Its overexpression
was reported also in adult T cell leukemia/lymphoma (TLL) (Higuchi et al. 2013) and in human
myeloma cell lines (Mithraprabhu et al. 2014). Interestingly, in a particular subset of acute myeloid
leukemia (AML) patients carrying an inversion on chromosome 16 (inv(16)), HDAC8 was
demonstrated to interact with the resulting fusion protein, CBFB-SMMHC, consisting of the
RUNX1 binding interface of core-binding factor B (CBFp) and the coiled-coil rod region of smooth
muscle myosin heavy chain (SMMHC) (Durst et al. 2003). More recently, Qi and colleagues
showed that the inv(16) fusion protein leads to increased deacetylation of p53 by HDACS, thus
causing p53 inhibition and promoting survival and proliferation of inv(16)" AML CD34" cells.
Interestingly, they identified an increased HDACS8 expression not only in inv(16)* AML CD34"
cells, but also in non-inv(16)" CD34" cells deriving from AML patients (Qi et al. 2015), suggesting
that a specific HDACS inhibition could be a promising therapeutic treatment for several types of
AML. In addition to the negative modulation of p53 activity, HDACS8 was proposed to contribute
to tumour progression through interaction with ever-shorter telomerase 1B (EST1B), which
prevents ubiquitin-mediated EST1B degradation and increases telomerase activity in Hela cells
(Heehyoung Lee et al. 2006).

Besides CdLS and cancer, HDACS8 was also associated to infections. In fact, the HDACS ortholog
of Schistosoma mansoni was demonstrated to be crucial for the survival of the parasite worm
(Marek et al. 2013) and human HDACS8 was shown to promote penetration of Influenza A and

Uukuniemi virus into cells (Yamauchi et al. 2011).
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Figure 2: HDACS is associated to several diseases. From (Banerjee et al. 2019)
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1.2 HDAC inhibitors

1.2.1 HDAC:I: pros and cons

HDAC inhibitors (HDACI) are drugs that block the activity of histone deacetylases, thus restoring
or increasing acetylation levels of histones and other non-histone target proteins. HDACi mainly
comprise four classes of molecules: short chain fatty acids, hydroxamic acids, benzamides and
cyclic tetrapeptides (Fischer et al. 2010).

HDACI are now widely used as anti-cancer drugs because different tumours show a global
decrease of acetylation levels due to HDACs overexpression (Parbin et al. 2014). Studies involving
HDACI showed their potential in inhibiting tumours survival and progression in both solid and
haematological malignancies (Ceccacci and Minucci 2016; Imai, Maru, and Tanaka 2016;
Eckschlager et al. 2017). This anti-cancer activity is related to multiple mechanisms of action of
HDACI, which include cell cycle arrest, modulation of pro- and anti-proliferative factors such as
proliferating cell nuclear antigen (PCNA) and p21, apoptosis induction and inhibition of
angiogenesis (Kuefer et al. 2004; X. N. Li et al. 2005; Shabbeer et al. 2007; Sun et al. 2009). In
the wake of these promising results, several HDACIi are currently under pre-clinical study or
clinical trials as anti-cancer treatment and the Food and Drug Administration (FDA) already
approved clinical use for four of them, namely vorinostat, romidepsin, belinostat and panobinostat.
In particular, vorinostat (also known as suberoylanilide hydroxamic acid, SAHA) and romidepsin
are currently used in the treatment of cutaneous T-cell lymphoma (CTCL), whereas belinostat and
panobinostat were approved for the treatment of peripheral T-cell lymphoma and multiple
myeloma, respectively (Eckschlager et al. 2017). In addition to their anti-cancer effects, HDACI
have emerged as a potential therapeutic approach also for other pathologies, such as
neurodegenerative and psychiatric disorders (reviewed by (Qiu et al. 2017)). Interestingly, HDACs
inhibition has recently emerged as an attractive pharmacological approach for the treatment of
Duchenne muscular dystrophy (DMD), a X-linked skeletal muscle disorder caused by mutations
in the DMD gene encoding for dystrophin (Hoffman, Brown, and Kunkel 1987). In fact, several

11



works revealed a crucial role for HDACs in the epigenetic regulation of myogenesis (Sincennes,
Brun, and Rudnicki 2016) and their inhibition was proven to favour myoblasts fusion and
myogenic differentiation by promoting skeletal muscle differentiation and regeneration (lezzi et
al. 2002; 2004, Kobayashi et al. 2007; Saccone et al. 2014). In this regard, HDACIi efficacy in in
vivo DMD models has already been proven (Minetti et al. 2006; Colussi et al. 2008; Johnson, Farr,
and Maves 2013) and HDACI Givinostat is currently in phase 11 clinical trial.

Despite displaying a promising potential, HDACI use is still limited by safety issues, which are
likely due to the lack of specificity. In fact, due to structure conservation among HDACSs, most of
the HDACI are nonselective and act as pan-HDACI, thus conditioning a number of cellular
processes as a result of inhibition of all HDAC proteins, causing a number of side effects, including
nausea, anorexia, thrombocytopenia and metabolic dysfunctions (Subramanian et al. 2010). As a
consequence, many HDACI failed to pass clinical trials. Thus, current efforts focus on better
understand the role of single HDAC:s in pathologies and develop more selective inhibitors in order

to improve therapy outcome.

1.2.2 HDACS specific inhibition

The peculiar structure of HDACS8 (Somoza et al. 2004) allowed the development of highly specific
inhibitors, even though none of them has been approved for clinical use yet (Banerjee et al. 2019).
To date, more than 20 HDACi showed HDACS inhibition capability, including pan-HDACI and
HDACS selective inhibitors. Several compounds that exhibit HDACS inhibition specificity were
identified, such as hydroxamic acids (KrennHrubec et al. 2007), triazoles (Suzuki et al. 2014) and
meta-sulfamoyl N-hydroxybenzamides (Zhao et al. 2018). Most potent HDACS8 selective
inhibitors include tetrapeptide derivatives (Vaidya et al. 2012), aryl hydroxamate derivative PCI-
34051 (Balasubramanian et al. 2008) and triazole analogue OJI-1 (Ingham et al. 2016).
Interestingly, PC1-34051 (hereafter PCI) showed a >200-fold specificity for HDACS than other

HDAC isoforms (Balasubramanian et al. 2008).
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HDACS inhibition was extensively assessed as an anti-cancer approach and it was reported to
mediate several anti-tumoral mechanisms. In in vitro and in vivo models of neuroblastoma,
treatment with HDACS8 specific inhibitors induced apoptosis and retinoic acid-mediated
differentiation together with growth arrest through upregulation of p21 (Rettig et al. 2015). Similar
results were reported by Lopez and colleagues, who observed S-phase cell cycle arrest and
apoptosis in human and mouse malignant peripheral nerve sheath tumour (MPNST) cell lines
following treatment with HDACS inhibitors (Lopez et al. 2015). Consistently, PCI treatment
determined cell cycle arrest and apoptosis in BEL-7404 and PLC5 liver cancer cells but not in
LO2 and HepG2 cell lines, which expressed low HDACS levels (Tian et al. 2015). Also, in
inv(16)" CD34" AML HSCs inhibition of HDACS8 restored p53 acetylation, causing p53-
dependent apoptosis and abrogating AML survival and progression (Qi et al. 2015). Differently,
in T-cell lymphoma cell lines PCI treatment induced caspase-mediated apoptosis by PLCyl-
dependent calcium mobilization (Balasubramanian et al. 2008). In colon cancer cells HDACS8
inhibition by methylselenocysteine (MSC) induced activation of Bcl2-modifying factor (BMF)-
mediated apoptotic pathway (Kang et al. 2014). In breast cancer cell lines, PCI treatment inhibited
proliferation and reduced migration (An et al. 2019). Interestingly, Dasgupta and colleagues
suggested that alteration of cohesin transcriptional activity might not be one of anti-tumoral
mechanisms underlying HDACS inhibitors efficacy, as one could expect due to HDACS regulation

of SMC3 acetylation status (Dasgupta et al. 2016).
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1.3 The zebrafish model

1.3.1 Zebrafish use in research

Zebrafish (Danio rerio) is a small (3-4 cm) freshwater teleost belonging to the Cyprinidae family
and hailing from Asia (India, Pakistan, Bangladesh and Nepal). Zebrafish use as a research model
is rapidly catching on as it confers a number of advantages in comparison to other animal models,
such as mouse or rat. These advantages include: relative low cost of maintenance; easy
manipulation; external fertilization, which avoids the sacrifice of mothers to study embryonic
development; high numbers of fertilized eggs from a single mating, which guarantee samples
numerousness; possibility of directly observe organ development due to optical transparency of
embryos within the first 24 hours post fertilization (hpf), a window which can be further expanded
by preventing pigmentation through addition of 1-phenyl 2-thiourea (PTU) to fish water (Karlsson,
Von Hofsten, and Olsson 2001). Zebrafish is widely used as a tool to study gene functions in
biological processes and their involvement in disease insurgence. It is a good tool to model human
diseases by either inducing a transient dysregulation of specific gene expression or by generating
mutant lines carrying disease-associated mutations.

To transiently modulate gene expression, in terms of gene knockdown or gene overexpression, the
most applied method is to inject specific gene sequences in zebrafish embryos at 1-cell stage of
development (Rosen, Sweeney, and Mably 2009). A specific gene knockdown can be obtained by
injection of a specific modified antisense oligonucleotide sequence, called morpholino (MO),
which can bind mRNA at the level of either ATG transcription start site, or a specific splicing site.
In the first case, protein synthesis is completely blocked (Nasevicius and Ekker 2000); in the
second case, exon skipping or intron retention leads to the synthesis of a defective protein (Draper,
Morcos, and Kimmel 2001). Overexpression of a specific gene can be performed by injecting the
relative full-length mRNA sequence. The main limitations of this technique are the transient

activity of morpholino, which maximum effect is reached at 3 days post-fertilization (dpf) by
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totally disappearing at 6 dpf (Nasevicius and Ekker 2000), and transient expression of mRNA
which undergoes a rapid degradation.

To overcame these limits, it would be possible to generate zebrafish mutants, carrying specific
gene mutations. Generation of mutant lines can be achieved by multiple systems such as N-ethyl-
N-nitrosurea (ENU) (Mullins et al. 1994), a method consisting in adult zebrafish males exposure
to ENU in order to mutagenize their sperm before mating with adult females, thus giving birth to
a spawn carrying heterozygous mutations. This technique is highly efficient but it is limited by the
randomness of induced mutations (Moens et al. 2008). In recent years generation of mutant
zebrafish lines improved both in terms of efficiency and specificity due to introduction of genome
engineering techniques which allow precise gene editing, such as zinc-finger nuclease (ZFN),
TALEN and CRISPR/Cas9 technology (Porteus and Carroll 2005; Sander et al. 2011; M. Li et al.
2016).

Zebrafish genome editing is also widely used to generate transgenic reporter lines that express a
fluorescent reporter gene, such as GFP or mCherry, in specific cells or tissues in different
conditions. To generate a transgenic zebrafish line using gene editing technologies a knock-in
should be performed to insert the coding sequence of a reporter gene in a specific gene locus,
downstream the promoter sequence which can control the tissue specific expression of reporter
gene in different conditions. For example, the Tg(CD41:GFP) line expresses GFP in
haematopoietic stem and progenitors cells (HSPCs) (Lin et al. 2005; Ma et al. 2011), while in the
Tg(TOPAGFP) line GFP expression is under control of canonical WNT pathway activity (Dorsky,
Sheldahl, and Moon 2002).

In addition to genetic studies, zebrafish also represents a good model for drug testing, as it offers
several advantages in drug screening compared to other in vitro and in vivo models (MacRae and
Peterson 2015). In fact, the large number of embryos obtained by a single mating allows to test
several molecules or different doses of a specific drug at once. Also, treatment with drugs is easy

to perform, as embryos can adsorb small compounds directly from fish water. Additionally, the
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transparency of embryos permits direct observation of organs development, thus giving an

immediate read-out of specific and side effects of tested drugs.

1.3.2 Zebrafish as a model to study HDACS8

Several molecular mechanisms and developmental processes are highly conserved between
zebrafish and mammals. Therefore, the zebrafish is a valuable model to study HDACS8 functions
in physiological processes and related disorders. These include haematopoiesis and AML,
neurogenesis and CdLS, skeletal muscle development and DMD. Zebrafish is widely adopted as
a model to study haematopoiesis and haematological disorders. In zebrafish two haematopoietic
waves occur, primitive and definitive, which are temporarily separated by a transient intermediate
wave (Bertrand et al. 2007; Paik and Zon 2010). Primitive haematopoiesis begins at the 2-somite
(around 10.5 hpf) stage of embryo development and gives rise to erythroid and myeloid lineages
cells (Detrich et al. 1995; Bennett et al. 2001; Lieschke et al. 2002). In definitive haematopoiesis,
which begins at around 30 hpf, self-renewing haematopoietic cells (HSCs), which differentiate in
all blood cell types and sustain haematopoiesis throughout adulthood (Bertrand et al. 2010), arise.
Zebrafish represents a useful model to study haematopoiesis as oxygen exchange in zebrafish
embryos can entirely rely on passive diffusion until 7 dpf, thus making possible to use it as a
powerful tool to study haematopoiesis-related mutations that would be lethal in other models, such
as mouse (Gore et al. 2018). Furthermore, despite haematopoiesis takes place in different sites
compared to mammals, genes and molecular mechanisms regulating this process are highly
conserved (Potts and Bowman 2017). This knowledge led to the generation of several transgenic
lines for specific blood populations, which allow an easy and rapid read-out of perturbation of
haematopoietic processes and represent a powerful tool to study haematopoietic disorders. In
particular, zebrafish is extensively used to study AML, both by employing mutant lines carrying
AMVL-specific mutation or chromosomal rearrangements, such as AML1-ETO (Yeh et al. 2008),

or by taking advantage of transgenic lines to assess the effect of dysregulation of specific genes,
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such as nucleophosmin (NMP1) (Barbieri et al. 2016; Mazzola et al. 2019), on haematopoietic
progenitor self-renewal and differentiation capability. In this regard, the Tg(CD41:GFP) line (Lin
et al. 2005; Ma et al. 2011) is a useful tool to study HDACS activity in HSPCs and its implication
with AML.

Analogously to haematopoiesis, also myogenesis occurs in two waves in zebrafish. The primary
myogenic wave takes place after somites formation and gives rise to a functional myotome by 24
hpf; the secondary myogenesis occurs between 48 and 72 hpf and is characterized by
differentiation of secondary muscle fibers (Rossi and Messina 2014). Despite some differences,
such as the stage of skeletal muscle commitment and existence of a myogenic presomitic cell
population (known as adaxial cells) in zebrafish (Stickney, Barresi, and Devoto 2000), molecular
basis underlying skeletal muscle development are well conserved between zebrafish and
mammals. These includes, for example, Myf5 and MyoD transcription factors (Rescan 2001).
Importantly, studies demonstrated that zebrafish is a useful system to model DMD. In fact, by
either generation of mutant lines (Bassett et al. 2003; Jeffrey R. Guyon et al. 2009), or by
morpholino injection (J. R. Guyon et al. 2003), it is possible to obtain a sever DMD phenotype
which better recapitulates human DMD phenotype than Mdx mouse (Maves 2014). Therefore,
zebrafish represents a suitable model to study HDACS role in skeletal muscle development and its
possible involvement in DMD.

Zebrafish is a widely adopted tool to study neurogenesis, as its neurons show a degree of
proliferation potentially higher than mammals during adulthood (Schmidt, Strahle, and Scholpp
2013). Zebrafish embryonic neurogenesis begins as soon as gastrulation occurs and is regulated
by factors and signaling pathways which are highly conserved in higher vertebrates. Some
examples are Fgf and Wnt signaling (Schmidt, Strahle, and Scholpp 2013). Noticeably, the
canonical Wnt signaling, in addition to neurogenesis (Zwamborn et al. 2018), is involved in
skeletal muscle development (Rudnicki and Williams 2015), HSC self-renewal (Richter, Traver,

and Willert 2017) and AML (Gruszka, Valli, and Alcalay 2019) and was demonstrated to be
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modulated by HDACS8 (Tian et al. 2015). Indeed, zebrafish is widely adopted to study the
canonical Wnt signaling (Dorsky, Sheldahl, and Moon 2002; Pistocchi et al. 2013; Barbieri et al.
2016; Mazzola et al. 2019). Thus, it represents a suitable model to investigate HDACS role in the

aforementioned processes.
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2. AIM

Pan-HDACI are rapidly gaining interest for the treatment of diverse diseases, such as cancer.
However, the use of pan-HDACI is still hampered by low specificity and safety issues, as several
side effects are associated with them. More effective therapies which circumvent the adverse
effects of pan-HDACI treatment might be developed by pharmacologically targeting single
HDACSs with their own activity. Since HDACS8 possesses a unique structure among HDACs it is
possible to develop highly specific inhibitors, such as the PCI-34051. A more extensive knowledge
of HDACS physiological function and involvement in diseases would make it possible to employ
such specific inhibitors in order to improve the outcome of therapy for disorders involving HDAC8
dysregulation. On this basis, the aim of this thesis is to study more in depth HDACS physiological
and pathological functions and to evaluate its inhibition by the highly selective inhibitor PCI-
34051 by using both cell lines and the zebrafish (Danio rerio) model. Since HDACS is strictly
associated to the cohesin complex, another objective of this thesis is to indirectly validate and
expand our findings on HDACS function by assessing the role of another modulator of the cohesin

complex: NIPBL.
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3. RESULTS: PUBLISHED PAPERS

3.1 Modeling Cornelia de Lange syndrome in vitro and in vivo reveals

a role for cohesin complex in neuronal survival and differentiation

Cornelia de Lange syndrome (CdLS) is a multiorgan disorder which is associated to mutation in
gene encoding for cohesin complex proteins, including HDACS8 loss-of-function mutations. A
typical feature of CdLS is a severe intellectual disability, likely due to defects of central nervous
system development. To assess the effect of HDACS8 deficiency in nervous system, in this work
we downregulated the expression of HDACS8 in neural stem cells (NSCs) and evaluated their
proliferation and differentiation capability. In parallel, we assessed the impact of HDACS8
deficiency on nervous system development also in vivo performing hdac8 knockdown in the

zebrafish model.
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Abstract

Cornelia de Lange syndrome (CdLS), which is reported to affect ~1 in 10 000 to 30 000 newborns, is a multisystem organ
developmental disorder with relatively mild to severe effects. Among others, intellectual disability represents an important
feature of this condition. CdLS can result from mutations in at least five genes: nipped-B-like protein, structural
maintenance of chromosomes 14, structural maintenance of chromosomes 3, RAD21 cohesin complex component and
histone deacetylase 8 (HDACS). It is believed that mutations in these genes cause CdLS by impairing the function of the
cohesin complex (to which all the aforementioned genes contribute to the structure or function), disrupting gene regulation
during critical stages of early development. Since intellectual disorder might result from alterations in neural development,
in this work, we studied the role of Hdac8 gene in mouse neural stem cells (NSCs) and in vertebrate (Danio rerio) brain
development by knockdown and chemical inhibition experiments. Underlying features of Hdac8 deficiency is an increased
cell death in the developing neural tissues, either in mouse NSCs or in zebrafish embryos.
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Introduction

During embryonic development and, in mouse, up to 4 weeks
after birth, the brain is shaped by immature neurons generated
in excessive number that die before maturation is completed.
This process is fundamental for achieving optimal brain con-
nectivity, and a number of brain disorders have been associ-
ated with altered neuronal cell death (1,2). It has also been
shown that disturbing this finely tuned developmental process
exerts detrimental effects on cell composition and global brain
activity impacting on cognition (3). Signals involved in this bal-
ance are numerous and vary both during developmental stages
and within involved brain areas. Some signals are considered
‘core’, thereby inhibiting cell death allowing for proliferation
and differentiation, others are ‘neuron-type specific’ reflecting
differences in receptors expressed on the cell membrane (4,5).
Neurogenesis during embryonic development, hence, envisages
excessive differentiated neurons that will be removed if not
fully integrated, starting from a pool of progenitor cells named
neural stem cells (NSCs). In lower mammals such as mice prim-
itive NSCs are present from embryonic day 5.5 (ES.5). At E7.5,
neural induction begins and the forming neural tube gives rise
to the brain and the spinal cord. The cell population com-
posing the neural tube consists of a relatively homogenous
population of neuroepithelial cells that proliferate and expand
through symmetric division. In the developing embryo, radial
glial cells comprise NSCs that divide symmetrically to increase
pool size and originate progenitors that migrate away from the
periventricular germinal zone (6). In adults, the subventricu-
lar zone (SVZ), which extends along the length of the lateral
wall of the lateral ventricles, and the dentate gyrus of the hip-
pocampus represent the two most important reservoirs of NSCs
(7). NSCs’ self-renewal, expansion, division and differentiation
are controlled by a number of factors, both extrinsic (such as
morphogens) and intrinsic (such as epigenetic modifications).
Among these, hierarchically prominent role has been shown for
chromatin remodeling, including accessibility and histone mod-
ifications (8). Interestingly, Cornelia de Lange syndrome (CdLS)
is a genetic disorder caused by mutations in genes codifying
for proteins regulating both chromatin features (CdLS1 MIM
Mendelian Inheritance in Man 122470, CdLS2 MIM 300590, CdLS3
MIM 610759, CdLS4 MIM614701, CdLS5 MIM 300882). Indeed,
80% of CdLS patients present mutations in one of five genes:
NIPBL Nipped-B-like protein, structural maintenance of chromo-
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Figure 1. Growth curve and apoptosis of the PCI34051 treated cells. Reddish colors
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somes 1A (SMC1A), structural maintenance of chromosomes 3
(SMC3), RAD21 cohesin complex component (RAD21) and histone
deacetylase 8 (HDAC8) (9). The first four genes are part of the
cohesin complex, a multimeric structure controlling chromoso-
mal cohesion in all eukaryotic cells (10). The fifth gene, HDACS,
encodes for a class I histone deacetylase, hence considered an
‘eraser’ in the epigenetic machinery components (11) with a
known target (SMC3) in the cohesin complex (12). The present
study sought to ascertain HDAC8 role in mammalian NSCs’ capa-
bilities and during vertebrate embryonic brain development,
with a particular emphasis on cell death as previous studies have
shown the fundamental role of cohesin complex to maintain
viable cells during embryonic development in neural tissues and
given the importance of HDAC8 in regulating a master regulator
of cell death (i.e. p53) (13-18).

Results

HDACS inhibition reduces murine NSCs’ proliferation
rate, inducing apoptosis and differentiating capabilities
During the proliferative phase, cells continuously treated
with a specific inhibitor of HDAC8 activity N-hydroxy-1-[(4-
methoxyphenyl)methyl]-1H-indole-6-carboxamide showed a
lower proliferative capability. The proliferation of PCI34051-
treated NSCs was significantly lower compared to controls, as
shown in Figure 1A, in which the average of three experiments
for each culture is shown. The slopes of the growth curves are
significantly different (P < 0.044) and the overall number of cells
treated with PCI34051 decreased during culture whereas the
number of the cells treated with dimethyl sulfoxide (DMSO)
(CTR) Control exponentially increased during the experiment.
Analysis of cell death revealed a significantincrease in apoptosis
following treatment with the inhibitor (Fig. 1B).

Treatment with HDACS inhibitor caused a change in differen-
tiation capabilities significantly reducing the levels of expression
of B-tubulin III P < 0.01 (Fig. 2) of ~50% at both time points
(Fig. 2B and C).

Hdac8 silencing reduces murine NSCs’ proliferation rate
and differentiating capabilities

The knockdown of Hdac8 transcript in NSCs using specific small
interfering ribonucleic acids (siRNAs) induced a significant
reduction of the proliferative capability. siRNAs effects were
synergist, although of less impact compared to inhibitor
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#A DMSO, in purple #B DMSO, in pink #C DMSO; in light green #A PCI34051, in green #B PCI34051, in bright green #C PCI34051; in purple with dashed line represents
the mean of the three samples treated with DMSO, in green with dashed line represents the mean of the samples treated with PCI34051. (B) Apoptosis levels induced

by PCI34051treatment expressed as absorbance (Y axis) per samples (x axis).
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Figure 2. Immunofluorescence analysis of NSCs differentiation. (A) DMSO-treated sample (controls). (B) PCI34051-treated sample for 3 days. (C) PCI34051-treated sample
for 5 days. (A’) Magnification of white box in A showing f-tubulin 11l and GFAP positive cells. (D) White column CTR (DMSO-treated), gray column PCI34051-treated cell
between days 5 and 7 of the differentiation, black column PCI34051-treated cell between days 3 and 7 of the differentiation. **= P = 0.0017. Scale bar indicates in

A =25pm,in A’ = 10 pm, Blue DAPI, green GFAP, red §-tubulin IIL
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Figure 3. Proliferative changes induced in NSCs by the knockdown of Hdac8
NSCs. The knockdown of Hdac8 transcript causes a significant reduction of
NSCs proliferation in all three analyzed cultures. The analysis was performed
comparing also PC134051 effects. Bars represent from left to right, for each
dataset, CTR, PCI34051, CTR siRNA, HDACS8.1, HDAC8.2 and HDACS8.1+ HDAC8.2.

treatment (Fig. 3). The knockdown of Hdac8 transcript in NSCs
induced a significant reduction of proliferation in all analyzed
samples, with a stronger effect upon using a combination of
HDAC8.1 and HDACB8.2 siRNA (10 nM each). Nevertheless, even

10

2

Percentage of 3-Tubulin IlI
positive cells

0.
Figure 4. Changes in differentiation induced in NSCs by the knockdown of
Hdac8 NSCs. The knockdown of Hdac8 transcript causes an alteration of NSCs’
differentiation. The analysis was performed comparing also PCI34051 effects.

Bars represent from left to right CTR (3/7), PCI34051 (3/7), CTR siRNA (3/7),
HDACS8.1 + HDACB.2 (3/7), CTR siRNA (5/7) and HDAC8.1 + HDAC8.2 (5/7).

the single treatments were able to induce a significant (P < 0.05;
sample A) or highly significant (P < 0.001; sample C) reduction
of NSCs’ proliferation. The knockdown of Hdac8 transcript in
differentiating NSCs reduces, ~30%, in a not significant fashion
the expression of g-tubulin III (Fig. 4), supporting the outcome
observed following chemical inhibition.
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Figure 5. Expression analysis of hdac8in zebrafish. (A and B) RT-PCR performed on different embryonic stages: hdac8 and [J-actin expression are shown. (C-D”) hdac8 WISH
analyses on zebrafish embryos at 24 and 48 hpf developmental stages. (C) 24 hpf embryo showing hdac8 expression in different regions of the CNS (eyes, diencephalon,
mesencephalon, hindbrain), in muscles and in the gut. (C') Dorsal view (anterior to the left) of the different regions of hdac8 expression in the CNS. (C") Transverse
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Zebrafish hdac8 identification and expression
analyses

The human HDAC8 amino acid sequence was used as a query for
identifying in silico the zebrafish hdac8 gene. NCBI (http://www.
ncbi.nlm.nih.gov/BLAST/), ClustalW (http://www.ebi.ac.uk/Tools/
clustalw/) and SMART (http://smart.embl-heidelberg.de/) tools
were used for basic handling and analyses of the nucleotide and
protein sequences. Zebrafish hdac8 is present in a single copy on
chromosome 7 (nucleotide position: 51 710 354-51 749 895).

Characterization of zebrafish hdac8 expression, using reverse
transcription-Polymerase Chain Reaction assays (RT-PCR) tech-
niques, revealed that the transcript was present from the first
stages of development up to 4 days post-fertilization (dpf), thus
including maternal and zygotic transcription (Fig. 5A). Moreover,
zebrafish hdac8 was found to be expressed through development
and in adult organs such as muscles, oocytes, brain and gut
(Fig. 5B).

Whole-mount in situ hybridization (WISH) expression anal-
yses in embryos at 24 h post-fertilization (hpf) with a specific
probe for zebrafish hdac8 showed the presence of the transcript

phalon; m, midbrain; h, hindbrain, fb, fin

in the central nervous system (CNS), specifically in the dorsal
part and eyes (Fig. SC-C”). Moreover, in line with the expression
in adult organs, hdac8 was expressed in muscles and gut (Fig. 5C).
At 48 hpf, hdac8 was expressed in the CNS, eyes, muscles and fin
buds (Fig. SD-D").

hdac8 loss-of-function results in increased cell
death in the CNS

Loss-of-function studies were carried out by injecting a
morpholino (hdac8-MO; Gene Tools LLC, Philomath, OR, USA),
a modified antisense oligonucleotide which binds specifically
to hdac8 messenger RNA (mRNA) blocking the production of
protein. Embryos were initially injected with different con-
centrations of ATG- or splice-hdac8-MO (0.5, 1 and 1.5 pmol
per embryo) in order to assess the dose-dependent effect.
One picomole per embryo was identified as the dose capable
of generating the greatest number of embryos with typical
phenotypic defects without causing global or drastic alter-
ations in the body plane development. Embryos injected with
1 pmole per embryo of ATG- or splice-hdac8-MOs were devel-
opmentally abnormal with defects in the cephalic structures
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Figure 6. Phenotypical analysis of embryos with hdac8 loss of function. (A-D) Phenotypical analysis of embryos at 24 hpf microinjected with hdac8-MO. (B and C)
compared to control embryos (A). (A’, C’) higher magnification of the cephalic region of the embryo in A and C. (D) Quantification of embryos microinjected with hdac8-
MO presenting phenotypes with different degree of severity classified as: class I mild phenotype and class II severe phenotype. (E and F) Western blot analyses showed
reduced levels of Hdac8 (42 kDa) in the 24 hpf ATG-hdac8-MO injected embryos compared to controls at the same developmental stage (E) and in splice-hdac8-MO
injected embryos compared to controls at the same developmental stage (F). Gapdh (36 kDa) housekeeping in (E) and Vinculin (120 kDa) in (F). (G) RT-PCR performed on
control and splice-hdac8-MO injected embryos at 24 hpf. RT-PCR primers were designed in exon1and intron1. The amplification product was 277 bp and comprehended
the intron1 in splice-hdac8-MO injected embryos, while in ctrl-MO there was no amplification as the intron1 was removed. Scale bars indicate 100 pm.

(eye size, structure of the CNS) and in the formation of the
tail (curved tail). Similar morphological phenotypes were
obtained with the injection of the two different morpholinos
directed against hdac8. These defects were used as benchmark
to classify hdac8-MO into two phenotypic classes (class I
mild phenotype and class II severe phenotype) (Fig. 6A-C’).
The distribution of the phenotypical classes was comparable
between the ATG- and splice-hdac8-MOs, strongly suggesting
that the morphological defects were caused by hdac8 loss of
function (Fig. 6D). To further validate the hdac8-MO efficiency,
we analyzed Hdac8 protein levels in 24 hpf embryos injected
with ATG- or splice-hdac8-MOs. Quantification analyses indi-
cated that, at this concentration, the efficiency of Hdac8
reduction was ~50% (Fig. 6E-F). Since splice-hdac8-MO was
designed against the hdac8 exonl-intron1 junction, the retention
of intron1 in morphant embryos was verified by PCR technique

(Fig. 6G).

CNS malformations are caused by augmented
apoptosis rescued by WNT pathway activation

The abnormal development of cephalic CNS was associated
with the presence of apoptotic/necrotic tissues. Hence, TUNEL
assays were conducted in hdac8-loss-of-function embryos at
24 hpf for evaluating rate of programmed cell death. Analysis
showed increased apoptosis at the level of the midbrain, hind-
brain optic vesicles and spinal cord in embryos injected with

hdac8-MO compared to the control embryos (Fig. 7A-B). As we
have previously shown in zebrafish models of cohesinopathies
(13,14) that augmented apoptosis was caused by altered canoni-
cal WNT pathway, hdac8-loss-of-function embryos were treated
with lithium chloride (LiCl) for activating the WNT pathway.
Following treatment with LiCl, TUNEL assay showed signifi-
cantly reduced levels of apoptosis compared to control embryos
(83.3%; N = 42; Fig. 7C). Moreover, injecting an in vitro synthe-
sized zebrafish hdac8-mRNA a rescue of the apoptotic pheno-
type caused by the splice-hdac8-MO was observed, confirming
the role for hdac8 in preventing apoptosis (Fig. 7D). For these
experiments, the splice-hdac8-MO was utilized for avoiding the
possible direct impact of the ATG-hdac8-MO against the injected
hdac8-mRNA.

The efficacy and specificity of the hdac8 loss of function were
extensively tested with the two hdac8 morpholinos as shown in
Fig. 8. Increased apoptosis was obtained with the injection of
the ATG or splice-hdac8-MO (Fig. 8B-C) in comparison to con-
trols (A); the levels of apoptotic cells were increased in class II
embryos with more severe phenotype than class I (Fig. 88’-C’).
Moreover, to address a synergistic effect of the two morpholi-
nos, we injected subcritical doses of ATG-hdac8-MO (0,5 pmol/
embryo) or splice-hdac8-MO (0,5 pmol/embryo) that singularly
did not cause any effects on cell death. When co-injected with
subcritical doses of each MO, the typical apoptotic phenotype
previously observed by means of full doses injections was found
(Fig. 8D).
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Figure 7. Apoptosis is increased in hdac8-MO-injected embryos and rescued by LiCl treatment or hdac8-mRNA injection. (A-C) Analysis of the apoptotic cells by visual
TUNEL staining in embryos at 24 hpf microinjected with hdac8-MO (B) compared to control embryos (A). Dying cells were present in particular at the level of the CNS
(arrows in brain and spinal cord) and in optic vescicles as shown by transverse histological sections carried out at the level of the black line (I and II) in Aand B (A!, A",
Bl, B1l). (C) Reduced apoptosis in hdac8-MO injected embryos upon LiCl treatment. (D) Reduced apoptosis was also observed in embryos co-injected with splice-hdac8-MO
and hdac8/mRNA. Scale bar indicates 100 pm.
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Figure 8. Specificity of the apoptotic phenotype observed following hdac8 hap fficiency. The i d apoptosis was specifically due to the hdac8 haploinsuffi-
ciency as it was obtained by injecting of the two different ATG and splice-hdac8-MO. (A-C) Specificity of the apoptotic phenotype following hdac8 loss of function. The
increased apoptotic levels were present in both ATG- and splice-hdac8-MO-injected embryos (B and C) in comparison to controls (A). Fluorescent TUNEL staining in
embryos injected with different morpholinos confirmed the specificity of the phenotype. The class Il embryos (B'-C’) presented more apoptotic cells than embryos of
class I (B and C). (D) Injection of subcritical doses of ATG- and splice-hdac8-MO that singularly did not generate apoptosis demonstrated a synergistic effect on apoptotic
levels. SC, spinal cord; di, diencephalon; h, hindbrain; n, notocord. Scale bar indicates 100 pm.

Discussion (21). In the present study, inhibition of HDAC8 enzymatic activity
leads to an excessive apoptosis both in murine NSCs and in the
developing vertebrate brain. HDAC8 is a histone deacetylase
known to act on SMC3 availability; hence, it is considered a

Regulation of neuronal cell death is a fundamental process dur-
ing both embryonic and adult life (19). During embryonic devel-
opment, neurons are produced in excess number probably to

ensure an adequate number of nerve cells at birth (20). Increased player in the cohesin complex (12). Indeed, deacetylation of
apoptosis during brain development has been associated to SMC3 is a critical step for protein recycling in cells. Cohesins
abnormal morphology and to adult behavioral abnormalities and condensins are protein complexes acting prominently as
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regulators of cell division, controlling deoxyribonucleic acid
(DNA) content separation in daughter cells. Intriguingly, germ
line mutations in both complexes are associated with human
conditions affecting brain development. Biallelic mutations
in condensin components NCAPD2, NCAPH, or NCAPD3 cause
microcephaly in humans (22). Dominant autosomal or X-linked
mutations in cohesin complex genes cause CdLS, a congenital
multiorgan syndrome that presents microcephaly and autistic
self-aggressive behaviors (9). Previous studies on models of
CdLS have reported increased cell death in the developing brain
(13,14,23) associated to an impaired activation of the canonical
WNT pathway or mitotic imbalance in the rad21 model, in
which molecular analyses have shown both by array and RNA
sequencing deregulation of the WNT pathway (24,25). Canonical
WNT pathway is mediated by activation of p-catenin, reduced in
CdLS models, that translocates in the cell nucleus where it binds
to DNA for gene expression regulation (26,27). Among known
targets, Cyclin D1 (CCND1) is extensively described (28). Notably,
CCND1 is known to play a pivotal role during neurogenesis.
Indeed, it has been shown that overexpression of the cyclin-
dependent kinase 4 (cdk4)-cyclinD1 complex, positive regulators
of cell cycle progression, induces NSCs’ expansion (29). Moreover,
several studies indicated that shortening of NSCs’ cell cycle in
embryonic and adult brain is sufficient for inhibiting neuronal
differentiation (30,31). Hence, we sought to evaluate a model of
CdLS NSCs. We inhibited HDAC8 using PCI34051, a chemical
compound known to specifically act on HDAC8 deacetylase
activity (12) in proliferating and differentiating murine NSCs.
Our results clearly showed that upon HDACS8 inhibition NSCs
reduce their capability of proliferating, confirming recent
findings shown in cell lines (32). Likely, this is because of the
observed increased apoptosis and it does not translate into
an augmented differentiation as expected in physiological
condition in smooth muscle (33) and brain (34). It was already
demonstrated, in cellular model of glioblastomas, that the
knockdown of another cohesin, SMC1A, led to the significant
decrease in proliferation of U251 and U87MG cells (35). These
results are on line with our in vitro analysis of the role of
HDACS in NSCs. Importantly, we found a significant reduction
in cells positive for the neuronal marker p-tubulin III, indicating
that their neurogenic differentiating capabilities are hampered.
Importantly, it has been recently shown that retinoic pathway
response is impaired in CdLS patients fibroblasts, suggesting
a weaken activation following exposure to a master player
in neuronal differentiation (36). A neuronal reduction in CdLS
patients could explain part of the behavioral and morphological
features often reported after birth [as reviewed in (37,38)].
Hence, a detailed analysis in mammals should be conducted
for better dissecting this possibility. To note, a consistently high
expression of CdLS-cohesins in the developing mouse embryos
and human adult CNS, especially in hindbrain and hindbrain-
derived structures (39), notwithstanding the non-proliferative
characteristics of such organs, has been recently reported.
In the present study, Danio rerio models of hdac8 deficiency
obtained by morpholino antisense injections confirmed an
increased apoptosis in the developing CNS associated with
altered canonical WNT pathway. Molecular and morphological
alterations could be rescued upon chemical activation by LiCl
treatment as previously shown in other CdLS models (13).

In conclusion, we report an association between HDAC8 inhi-
bition—model of CdLS—and increased cell death in the devel-
oping neural tissues, both in vitro and in vivo with a consequent
reduction in neuronal differentiation capabilities, which could
be involved in the severe mental retardation observed in CdLS.
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Materials and Methods
Neural stem cells

NSCs obtained from SVZ of 4 months old C57 BL6 male mice were
used. Cells were cultivated in a medium containing epidermal
growth factor (EGF) and fibroblast growth factor (FGF) (40-42).
Three different cultures from three mice were used for the
experiments.

PCI34051 treatment

Cells were firstly grown in a large culture flask and then
plated in a 12 wells tissue culture plate at the concentration
of 10 000 cell/cm?. Experiments were performed in triplicate for
each culture. For proliferating cells experiments, cultures were
treated either with PCI34051 25 pM, a known HDACS inhibitor
(12), or with DMSO 1:1000, a concentration that does not alter
NSCs’ properties, such as proliferation and differentiation. After
5 days of culture, spheres were harvested and mechanically
dissociated to single cells and counted. The fold change was
determined dividing the total number of cells by the initial
number of plated cells. Differentiation was achieved by plating
cells in presence of adhesion molecules Cultrex (Tema Ricerca,
Italy) and in absence of growth factors. In a 48 well plate, round
sterile coverslip of the diameter of 1 cm was inserted. Wells
were coated with 150 pl of Cultrex for 1 h and 40 000 cells were
loaded with 500 pl of medium containing FGF but not EGF (40-42)
for 2 days. Following growth factor removal, treatment with
HDAC8 inhibitor was started. Two different time points (from
day 3 to day 7 and from day 5 to day 7) were used. As control,
treated cells with DMSO 1:1000 for days 3 to 7 were used. At
the end of the treatment, the medium was removed, the cells
washed once with Phosphate-Buffered Saline (PBS) and fixed
with 4% paraformaldehyde for 10 min. Cells were then washed
once with PBS and either used for immunocytochemistry or
stored at 4°C. Experiments were run in duplicates.

Silencing NSCs

A 48 multiwell plate was coated with laminin (Synthetic
Laminin Peptide, Sigma SCR127, Darmstadt, Germany) using a
concentration of 150 ug/ml as suggested by the supplier. Two
siRNAs (Qiagen, Germantown, MD, USA) expected to anneal
different regions of the HDAC8 transcript (Flexitube siRNA
5 nmol cat nr SI01063895 and catalogue number SI01063902)
were used. As negative control AllStars Negative Control siRNA
(cat nr 1027280) with no homology to any known mammalian
genes and minimal non-specific effects was selected. HiPerFect
Transfection Reagent (Qiagen) was used for siRNAs delivery.
Four different cultures of NSCs were used, and experiments
were run in triplicates. We first plated dissociated cells (10 000
cells per well) on laminin-coated wells as a monolayer in
500 ul of proliferative medium (PM) for 1 day. The following
day, incubation medium (with siRNAs and Transfection Reagent
prepared following the manufacturer instruction) was added
drop-wise onto the attached cells that were incubated under
their normal growth conditions for 3 h before adding the
PM medium. The medium was changed after 24 h and cells
were cultured for 2-3 days. The cells were then harvested,
dissociated and counted. siRNAs concentrations were selected
in pilot studies, choosing 20 nM as experimental concentration.
For analyses of Hdac8 silencing in differentiating NSCs, three
different cultures were used.
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Immunostaining of differentiated NSC

Differentiation capabilities were assayed by means of immunos-
taining. For this purpose, antibodies against glial fibrillary acidic
protein (GFAP; 1:250, Immunological Sciences AB-10635) and
p-tubulin III (1:250, Immunological Sciences AB-10288) were
used. Briefly, fixed cells were permeabilized with 0.1% Triton-X in
PBS for 10 min at room temperature, then the primary antibodies
were added overnight at 4°C in PBS with 10% normal goat serum
NGS. Secondary antibodies conjugated with fluorophores were
used: Alexa-fluor 488 (Goat anti mouse Immunological Sciences
1S20010) and Alexa-fluor 555 (Goat anti rabbit Immunological
Sciences 1520012). Nuclei were stained with 4/, 6-Diamidine-2'-
phenylindole dihydrochloride (DAPI) 300 nM (43). Images were
acquired using a Leica SP2 microscope, Buccinasco, Milan, Italy
with Helium/Neon and Argon/Kripton lasers. The number of
positive cells was counted and compared within treatments.
Experiments were repeated twice. A minimum of 1400 cells for
each sample and for each treatment were counted.

Apoptosis assay

Apoptosis in NSCs was quantified using a Caspase-3/CPP32
Colorimetric Assay (BioVision, Milpitas, CA, USA) following man-
ufacturer’s protocol. Briefly, NSCs were harvested after 5 days of
culture, resuspended in chilled lysis buffer and centrifuged and
supernatant

(representing cytosolic extract) was used. Following protein con-
centration measurement, spectrophotometric detection of the
chromophore p-nitroaniline (pNA) after cleavage from the
labeled substrate DEVD-pNA allowed for cell death assessment.
Samples were run as experimental triplicates and technical
duplicates.

Animals

Breeding wild-type fish (zebrafish, D. rerio) of the AB strain were
maintained at 28°C on a 14 h light/10 h dark cycle. Embryos
were collected by natural spawning, staged according to Kimmel
and colleagues (44) and raised at 28°C in fish water (Instant
Ocean, Blacksburg, VA, USA, 0,1% methylene blue) in Petri dishes,
according to established techniques. Zebrafish embryos were
raised and maintained under standard conditions and national
guidelines
(Italian decree 4 March 2014, n. 26). All experimental procedures
were approved by Institutional Animal Care and Use Committee,
N. OPBA_93_2017. Embryonic ages are expressed in hpf and dpf.
LiCl was added to fish water for 30 min at the 10-12 somite
stages at a concentration of 0.3 M at 28°C as previously described
(13). Treated embryos were then washed three times with water
and allowed to develop to 24 hpf.

Reverse transcription-PCR assays

Total RNA from 12 samples (an average of 30 embryos per
sample) was extracted with the TOTALLY RNA isolation kit
(Ambion, Life Technologies, Paisley UK), treated with RQ1 RNase-
Free DNase (Promega Madison WI, USA) and oligo(dT)-reverse
transcribed using SuperScript II RT (Invitrogen, Carlsbad, CA,
USA), according to manufacturers’ instructions. PCR products
were loaded and resolved onto 1% agarose gels. The p-actin
expression was tested in parallel with the gene of interest as a
housekeeping gene control for the complementary DNA loaded.

The following primers were used:

hdac8pr_sense 5'-ACATGAGGGTCGTGAAGCCT-3'
hdac8pr_antisense 5'-ACCGCGTCATTCACATAACA-3'
hdac8fl_sense 5'-ATGAGTGAAAAAAGCGACAG-3'
hdac8fl_antisense 5'-CGATCCTAAACTACATTCTTC-3'
hdac8E1_sense 5'-GTCCAAAGTCAGCAGACT-3'
hdac8I2_antisense 5'-GTGAGATGAACTGCACTCT-3'

In situ hybridization and histological analysis

WISH experiments were carried out as described by Thisse and
colleagues (45). For each experiment a minimum of 30 con-
trols and MO-injected embryos were analyzed. hdac8 probe was
cloned using RT-PCR primers. For histological sections, stained
embryos were refixed in 4% PFA Paraformaldehyde, dehydrated
and stored in methanol, wax embedded and sectioned (5 pm).
Images of embryos and sections were acquired using a micro-
scope equipped with digital camera with LAS Leica Imaging
software (Leica, Wetzlar, Germany). Images were processed using
Adobe Photoshop software and, when necessary, different focal
planes of the same image have been taken separately and later
merged in a single image.

TUNEL staining

For (Terminal deoxynucleotidyl transferase dUTP nick end label-
ing) assay, a minimum of 24 embryos (per experimental group)
were fixed in 4% PFA for 2 h at room temperature. Embryos
were washed with methanol at —20°C and then twice with PBC
Phosphate-Buffered Saline with Citrate (0.001% Triton X-100;
0.1% sodium citrate in PBS) for 10 min. Staining for apoptotic
cells was performed using the AP-In situ Cell Death Detection
Kit (Roche Diagnostics, Penzberg, Germany) carefully leaving
labeling reagents to react for the same length of time for all
experiments. Embryos were incubated at 37°C for 1 h and fluo-
rescent apoptotic cells were detected under a fluorescent micro-
scope (Leica). For the visual staining, embryos were then washed,
stained and mounted for microscopic imaging.

Injections

To repress hdac8 mRNA translations, two morpholinos were
synthesized (Gene Tools LLC) targeting hdac8-ATG and exonl-
intron1 junction (splice-hdac8-MO) (46),

ATG-hdac8-MO: 5'-CATTACTGTCGCTTTTTTCACTCAT-3'
splice-hdac8-MO: 5'-TGCAGAGTGCAGTTCATCTCACCCG-3',

and used at the concentration of 1 pmole per embryo in 1x
Danieau buffer (pH 7.6). A standard control morpholino oligonu-
cleotide (ctrl-MO) was injected in parallel (47). When co-injected,
ATG- and splice-hdac8-MOs were used at subcritical doses of
0.5 pmole per embryo in 1x Danieau buffer (pH 7.6). In all exper-
iments, hdac8-MO-injected embryos were compared to embryos
injected with the same amount of ctrl-MO at the same develop-
mental stage. For the in vivo test of the specificity of morpholino-
mediated knockdown, the rescue of morphants phenotype was
evaluated by co-injecting zebrafish hdac8-mRNA at the concen-
tration of 500 pg per embryo.

Western blot

Fish embryos (minimum 30 per experimental group) were
lysated in RIPA buffer (5 pl for each embryo) and homogenized.
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Samples were boiled for 10 min at 95°C. A total of 20 pl of
protein sample was size-fractionated by gel Pre-cast (Invitrogen)
and transferred with iBlot (Invitrogen). The nitrocellulose
membranes were blocked with 5% non-fat dry milk in PBST
(PBS containing 0.1% Tween 20) for 30 min at room temperature
and subsequently incubated with the primary antibody:
rabbit anti-Hdac8 [1:1000, HDAC8 (H-145) sc-11405, Santa Cruz
Biotechnology, Santa Cruz, CA, USA and mouse anti-GAPDH
(1:2500, Developmental Studies Hybridoma bank)] and mouse
anti-Vinculin (1:6000, Sigma), diluted in 4% milk/PBST over night
at 4°C. Horseradish peroxidase-conjugated secondary antibody
(Sigma Aldrich, St Louis MO, USA) was used for 1 h at room
temperature. The antigen signal was detected with the ECL
chemiluminescence detection system (Amersham, Piscataway,
NJ, USA) as specified by the manufacturer.

Data analysis

Proliferation statistical analysis was performed using Student’s
t-test. NSC immunostaining analysis was performed using the
one-way analysis of variance followed by Bonferroni’s multiple
comparison test. Apotosis assay was analyzed using student’s
t-test. P < 0.05 was set as statistically significant. For graphs,
Graphpad Prism software was used; for figures, Adobe Photoshop
was used.
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3.2 HDACS8 regulates canonical Wnt pathway to promote

differentiation in skeletal muscle

In our previous work we identified defects of tail structure in zebrafish embryos following hdac8
knockdown. Indeed, such alterations might be due not only to the reported impairment of CNS
development, but also to defects in other tissues, such as skeletal muscle. Since we observed hdac8
expression in zebrafish muscle tissue, we sought to assess a possible involvement of HDACS in
the development of skeletal muscle tissue. To test this hypothesis, in this work we characterized
HDACS expression in the skeletal muscle tissue and assessed the effect of its inhibition by PCI on
skeletal muscle development using both in vivo (zebrafish) and in vitro (C2C12 immortalized

murine myoblasts) models.
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Abstract

Histone deacetylase 8 (HDACS) is a class 1 histone deacetylase and a member of the
cohesin complex. HDAC8 is expressed in smooth muscles, but its expression in
skeletal muscle has not been described. We have shown for the first time that HDAC8
is expressed in human and zebrafish skeletal muscles. Using RD/12 and RD/18
rhabdomyosarcoma cells with low and high differentiation potency, respectively, we
highlighted a specific correlation with HDAC8 expression and an advanced stage of
muscle differentiation. We inhibited HDAC8 activity through a specific PCI-34051
inhibitor in murine C2C12 myoblasts and zebrafish embryos, and we observed
skeletal muscles differentiation impairment. We also found a positive regulation of
the canonical Wnt signaling by HDAC8 that might explain muscle differentiation
defects. These findings suggest a novel mechanism through which HDAC8 expression,
in a specific time window of skeletal muscle development, positively regulates

canonical Wnt pathway that is necessary for muscle differentiation.

KEYWORDS
histone deacetylase 8 (HDACS8), rhabdomyosarcoma, skeletal muscle, Wnt, zebrafish

1 | INTRODUCTION

Skeletal muscle is necessary to accomplish fundamental functions
such as the maintenance of the body structure, motility, and

metabolism by storing and consuming energy. Skeletal muscle
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development is a multistep process in which myogenic cells are
committed to proliferating myogenic precursors, which differentiate
into myoblasts and myocytes that fuse to form a multinucleated
myotube. Several signals are essential for the regulation of skeletal
muscle differentiation involving transcription factors, signaling
molecules, transduction pathways, and epigenetic modifications.
Among these, the histone deacetylases (HDACs) are frequently a
part of the regulatory elements of muscle genes (Sincennes, Brun, &
Rudnicki, 2016). The HDAC family comprises at least 18 different
enzymes classified in four classes in mammals and has been originally
identified for histone deacetylation activity and nucleosome stability.
Recent evidence pinpoints their role in deacetylation also of
nonhistone targets such as p53 and alpha-tubulin (de Leval et al.,
2006), as well as in gene transcription (Grunstein, 1997; Megee,
Morgan, Mittman, & Smith, 1990).

HDACS is the last cloned and characterized member of class |
HDACs (Buggy et al, 2000; Van den Wyngaert et al, 2000), it
diverges from other class | enzymes as the C-terminal protein-
binding domain is not present, probably indicating a functional
specialization during evolution (Gregoretti, Lee, & Goodson, 2004;
Somoza et al, 2004). HDACS is ubiquitously expressed and can
localize to either the nucleus or the cytoplasm interacting with
nonhistone proteins such as the cohesin protein SMC3, estrogen
receptor a (ERRa), p53, inv(16) fusion protein (Deardorff et al., 2012;
Durst, Lutterbach, Kummalue, Friedman, & Hiebert, 2003; Wilson,
Tremblay, Deblois, Sylvain-Drolet, & Giguére, 2010; Wu et al., 2013).
Moreover, in normal human tissues HDACS8 is expressed by smooth
muscle including vascular and visceral smooth muscle cells, myoe-
pithelial cells, and myofibroblasts (Durst et al., 2003; Wu et al., 2013),
where interacts with cortical actin-binding protein cortactin and
smooth muscle actin (SMA) and regulates smooth muscle contraction
(Buggy et al.,, 2000; Li et al., 2014; Olson et al., 2014).

In this study, we describe for the first time a specific HDAC8
expression in murine C2C12 myoblasts and human and zebrafish (Danio
rerio) skeletal muscles. In particular, we have analyzed the time course of
HDAC8 expression during skeletal muscle differentiation in murine
C2C12 myoblasts and zebrafish. We noticed that HDAC8 is mainly
expressed when differentiation is already started; moreover, in rhabdo-
myosarcoma derived cell lines RD/12 and RD/18 with low and high
differentiation potency, respectively, the increment of HDAC8 expression
during the differentiation is prominent in RD/18 than in RD/12 cell line.
We also demonstrate that HDAC8 promotes muscle differentiation in
vitro and in vivo, as the pharmacological block of its deacetylase activity
inhibits myogenesis in the C2C12 cellular model and in zebrafish. We
showed that this function is accomplished through the canonical Wnt
pathway that is downregulated when HDAC8 activity is inhibited.
However, according to the dual role of HDACS in the nuclei and in the
cytosol, other mechanisms involving HDAC8 might regulate skeletal
muscle differentiation acting both on histone or nonhistone targets or
regulating different pathways. Therefore, further analyses on acetylome
profile are needed to identify both nuclear and cytosolic HDACS targets.
Our results link for the first time the HDACS activity to broad aspects of
skeletal muscle development and open new possibilities in the use of

HDACS8-specific inhibitors (i.e., PCI-34051; Balasubramanian et al., 2008)
for therapeutic intervention on skeletal muscle diseases.

2 | MATERIALS AND METHODS

2.1 | Animals

Zebrafish (D. rerio) embryos were raised and maintained under standard
conditions and national guidelines (Italian decree March 4, 2014, n. 26).
All experimental procedures were approved by IACUC (Institutional
Animal Care and Use Committee). Zebrafish AB strains obtained from
the Wilson Laboratory, University College London, London, United
Kingdom, were maintained at 28°C on a 14-hr light/10-hr dark cycle.
Embryos were collected by natural spawning, staged according to
Kimmel, Ballard, Kimmel, Ullmann, and Schilling (1995) and raised at 28°
C in fish water (instant ocean, 0.1% methylene blue in petri dishes),
according to established techniques. We express the embryonic ages
in hours post fertilization (hpf) and days post fertilization (dpf).
After 24 hpf, to prevent pigmentation, 0.003% 1-phenyl-2-thiourea
(Sigma-Aldrich, Saint Louis, MO) was added to the fish water. Embryos
were washed, dechorionated, and anaesthetized with 0.016% tricaine
(ethyl 3-aminobenzoate methanesulfonate salt; Sigma-Aldrich), before
observations and picture acquisitions. Embryos were fixed overnight in
4% paraformaldehyde (Sigma-Aldrich) in phosphate-buffered saline (PBS)
at 4°C, and then dehydrated stepwise to methanol and stored at -20°C.

To activate the canonical Wnt pathway, lithium chloride (LiCl)
was added to fish water for 30 min at the 10-12 somite stage at a
concentration of 0.3 M at 28°C.

2.2 | C2C12 and rhabdomyosarcoma cells

C2C12 cells were maintained in the growth medium, Dulbecco
modified Eagle medium (DMEM), supplemented with 10% fetal
calf serum (FCS; Euroclone, Pero, Italy), 100 IU/ml penicillin, and
100 pg/ml streptomycin in a humidified incubator at 37 °C with 5%
CO,. After reaching 80-90% confluence, cells were washed in PBS
and differentiated in the DMEM medium with horse serum 2%
(Thermo Fisher Scientific, Waltham, MS). The medium was changed
every 48 hr and cultured up to 9 days of differentiation.

RD/12 and RD/18 cell lines were two different clones originally
isolated from the human embryonal rhabdomyosarcoma cell lines RD by
Lollini et al. (1991). Cells were cultured in DMEM supplemented with
100 IU/mL penicillin, 100 pg/mL streptomycin, and either 10% FCS or
2% horse serum. The culture medium was renewed every 48-72 hr up

to 11 days of culture in the differentiation medium.

2.3 | Reverse transcription and quantitative
real-time PCR (qRT-PCRs)

Total RNAs were isolated from C2C12, RD/12, RD/18 cells, and
zebrafish embryos at different developmental stages using Trizol
reagent (Life Technologies, Carlsbad, CA) according to the producer’s
instructions. After treatment with DNase | RNase-free (Roche, Basel,
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Switzerland) to avoid possible genomic contamination, 1 pg of RNA
was reverse-transcribed (RT) using the “ImProm-1I™ Reverse Tran-
scription System” (Promega, Madison, WI) and a mixture of oligo (dT)
and random primers according to manufacturer’s instructions.
Quantitative real-time polymerase chain reactions (qRT-PCR) on
C2C12 and rhabdomyosarcoma RNAs were carried out in a total
volume of 20 pl containing 1X SsoAdv Universal SYBR Green Super
Mix (Bio-Rad, Hercules, CA), using proper amount of the RT reaction.
qRT-PCRs were performed using the CFX-96 TM (Bio-Rad). Relative
expression of HDAC8 was normalized with different reference genes,
in particular TATA-box binding protein and glyceraldehyde-3-
phosphate dehydrogenase were used for C2C12 cell line whereas
actin and beta-2-microglobulin for rhabdomyosarcoma cell lines.
gRT-PCRs in zebrafish were carried out in a total volume of 20 pl
containing 1X iQ SYBR Green Super Mix (Promega), using proper
amount of the RT reaction. qRT-PCRs were performed using the Bio-
Rad iCycler iQ real-time detection system (Bio-Rad). For normalization
purposes, rpl8 expression levels were tested in parallel with the gene of
interest. The primer list is given in Supporting Information Table S1.

2.4 | Insitu hybridization, histological analysis, and
immunohistochemistry

Whole mount in situ hybridization (WISH) experiments were carried out
as described by Thisse and Thisse (2008). Antisense riboprobes were
previously in vitro labeled with modified nucleotides (i.e. digoxigenin,
fluorescein; Roche). hdac8 probe was cloned in our laboratory. The primer
list is given in Supporting Information Table S1. WISH experiments were
done at least in three batches of embryos (minimum 30 embryos for each
category). Immunohistochemistry analysis was carried out on 6-pum-thick
cryosections from human skeletal muscle biopsy. The muscle biopsy was
performed after an informed consent; human biological samples were
provided by EuroBioBank and Telethon Network of Genetic Biobanks
(GTB12001F to M. Mora), snap-frozen in isopentane/liquid nitrogen and
maintained in liquid nitrogen. Cryosections were permeabilized in cold
methanol (MetOH) 50% for 1min and MetOH 100% for 1 min.
Cryosections were hydrated with PBS and then blocked for 30 min at
room temperature in normal goat serum 1X and incubated with primary
and secondary antibodies. Primary antibodies were anti-HDAC8 (1:100;
polyclonal clone [H-145]: sc-11405; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA) and anti-Lamin B (1:100; monoclonal clone; Novocastra/YLEM,
Newcastle upon Tyne, UK). Secondary antibodies were Alexa 488-
conjugated goat anti-mouse 1gG or Alexa 546-conjugated goat anti-rabbit
1gG, (Invitrogen Life Technologies, Carlsbad, CA), both diluted in 1:2,000.
As control, sections were incubated either with isotype-specific IgG or
the primary antibody was omitted. Sections were examined either under
a Zeiss fluorescence microscope. Immunohistochemistry in zebrafish was
carried out as described by Pistocchi, Gaudenzi et al. (2013). The primary
antibody was mouse anti-sarcomeric (MF20, DSHB, lowa City, IA, dilution
1:4). The secondary antibody was EnVision+ System- horseradish
peroxidase enzyme (HRP) labeled polymer anti-mouse (Dako, Glostrup,
Denmark). Images of embryos and sections were acquired using a
microscope equipped with a digital camera with LAS leica imaging

Cellular Physiclogy

software (Leica, Wetzlar, Germany). Images were processed using the
Adobe Photoshop software and, when necessary, different focal images
planes of the same image were taken separately and later merged in a
single image.

25 | PCI-34051 treatment

For C2C12 cells, HDACS inhibitor PCI-34051 (PCl; Cayman Chemical,
Ann Arbor, MI) was administrated at 25uM together with the
differentiating medium; negative controls were treated with the solvent
dimethyl sulfoxide (DMSO). The PCI was changed every 24 hr until
myogenic differentiation. Zebrafish embryos after the shield develop-
mental stage (6 hpf) were treated with 150 yM PCI added to the fish
water at 28°C kept in the dark. As a control DMSO was used at the same
concentration. The PCl was changed every 24 hr and the embryos were
grown until the desired developmental stage. For dose-dependent assays
in zebrafish, the PCl was administrated at 50, 100, 150, and 250 pM.

2.6 | Western blotting

Human biological samples were provided by EuroBioBank and Telethon
Network of Genetic Biobanks (GTB12001F to M. Mora). The juvenile
muscle was of an 8-year-old child; the adult muscle was of a man of 42
years. For zebrafish, at least 30 zebrafish embryos were used for protein
preparation, the yolk was previously removed from embryos to avoid
yolk protein contamination.

Protein extracts were classically prepared in the radioimmunopreci-
pitation assay buffer (50 mM Tris-HCI pH 7.4, 1% NP-40, 150 mM NaCl,
0.25% sodium deoxycholate, 1 mM ethylenediaminetetraacetic acid,
1mM phenylmethylsulfonyl fluoride, and protease inhibitors Roche;
2 pl/embryo or 1 pl/tail). The protein concentration was determined using
a Quantum Micro BCA protein assay kit according to the manufacturer's
instructions (Euroclone). Each sample (30-40 pg) was loaded onto a 7.5%
or 10% polyacrylamide gels and subjected to electrophoresis. The
proteins were then transferred onto polyvinylidene fluoride membranes
that were blocked using a blocking solution at room temperature for 1 hr
before incubation with the primary antibodies listed in Supporting
Information Table S2. After incubation with the HRP-conjugated
secondary antibodies for 1 hr at room temperature (secondary antibodies
are listed in Supporting Information Table S2), the protein bands were
detected using enhanced chemiluminescence (ECL) detection systems.
Imaging acquisition has been done with the Alliance MINI HD9 AUTO
Western Blot Imaging System (UVitec Limited, Cambridge) and analyzed
with the related software (Bellipanni, Murakami, & Weinberg, 2010).

3 | RESULTS

3.1 | HDACS is expressed in the skeletal muscle
and its expression correlates with an advanced state
of muscle differentiation

Several expression profiles of HDAC8 suggested that it has a

ubiquitous expression in human tissues, with higher expression in
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particular organs such as the brain, pancreas, kidney, prostate,
liver, and smooth muscles. HDAC8 transcript and protein have
been detected both in the nucleus and cytosol, suggesting that
HDAC8 might have a variable localization within the cell,
depending on the cell type and its posttranslational modifications
such as phosphorylation (Buggy et al., 2000; Hu et al., 2000; de
Ruijter, van Gennip, Caron, Kemp, & van Kuilenburg, 2003;

Waltregny et al., 2004). Using immunofluorescence assays we
detected for the first time an expression of HDACS8 in normal
human skeletal muscle with a predominant nuclear localization of
the protein, as shown by the co-localization of HDAC8 and Lamin
B (Figure la-c). Moreover, by western blot analyses, we observed
the expression of HDAC8 both in juvenile and adult skeletal
muscles (Figure 1d).
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FIGURE 1 HDACS is expressed in human, murine, and zebrafish skeletal muscles, and its expression correlates with differentiation potency.

(a-c) HDACS protein expression in normal human skeletal muscles. Immunofluorescence staining of HDACS (a), lamin B (b), and merge of the
two signals (c). The localization of HDAC8 in human skeletal muscle is predominantly nuclear as shown by the colocalization with the Lamin B
protein. (d) Western blot analyses of HDACS, vinculin, and all myosins expression in juvenile and adult skeletal muscles. (e-g) hdac8 mRNA
expression in zebrafish. WISH analyses of hdac8 transcript localization in skeletal muscle of zebrafish embryos at 24 hpf (e), 36 hpf (f), and
48 hpf (g). Transverse histological sections of the previously hybridized embryos show the localization of hdac8 transcript in the myotome
(e',f",g"). (h) Hdac8 qRT-PCR analyses on murine C2C12 myoblasts at different stages of differentiation. Hdac8 expression is increased at
7-9 days after the induction of the differentiation, when differentiation is accomplished. (i) hdac8 qRT-PCR analyses on RNA from 24, 36, and
48 hpf zebrafish embryos. hdac8 expression is increased at 36 hpf when the first myogenic wave is completed. (j) HDAC8 qRT-PCR analyses on
RD/12 and RD/18 rhabdomyosarcoma cells. At 11 days after the induction of differentiation, HDAC8 is more expressed in RD/18 cells that are
able to fully differentiate in comparison to RD/12 cells. Scale bar represents 50 pm in (a-c) and 100 pm (e’-g’). Asterisks represent **p < 0.01,
***p < 0.001, Student t test. FCS: fetal calf serum; HDACS: histone deacetylase 8; hpf: hours post fertilization; mMRNA: messenger RNA;
qRT-PCR: quantitative reverse transcription polymerase reaction; WISH: whole mount in situ hybridization
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In parallel, we cloned the zebrafish ortholog of human HDAC8
(Chr 7: 51,656,099-51,710,015), and, by WISH analyses, we showed the
expression of hdac8 in skeletal muscle of zebrafish embryos at different
developmental stages (Figure 1le-g'). In zebrafish, the expression of hdac8
varied among the developmental stages analyzed (24, 36, and 48 hpf) and
was increased at 36 hpf when the first myogenic wave had already
occurred (Stellabotte, Dobbs-McAuliffe, Fernandez, Feng, & Devoto,
2007; Figure le-g’). We therefore investigated a possible correlation
between HDAC8 expression and skeletal muscle differentiation progres-
sion. We first examined its expression in murine C2C12 skeletal
myogenic cells, which represent a highly suitable model for analysis of
myogenic differentiation. C2C12 myoblasts proliferate in the growth
medium with a high serum concentration (10% FCS) until they reach
confluence, whereas a differentiation into multinucleated myotubes is
triggered shifting to a differentiation medium with low-serum concentra-
tion (2% horse serum). Hdac8 transcript, analyzed by gqRT-PCR
techniques, was present in C2C12 cells in the growth medium and in
differentiation medium at Day 1 but its expression was significantly
increased at Days 7 and 9 of differentiation (Figure 1h). In zebrafish, the
expression of hdac8 analyzed by qRT-PCR techniques confirmed the
results previously shown by WISH, as the transcript is increased after the
first myogenic wave when the differentiation was accomplished, with an
expression peak at 36 hpf (Figure 1i). To further confirm the correlation
between HDACS8 expression and an advanced stage of differentiation, we
choose two different subclones of the rhabdomyosarcoma cell line RD,
which differ in the differentiation potency: the RD/18 cells are able to
reach a terminal differentiation, whereas the RD/12 cells do not fully
differentiate (Lollini et al, 1991). The expression of HDAC8 was
significantly increased at 11 days of differentiation with an increment
of fourfold in RD/18 and about onefold in RD/12 (Figure 1j).
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3.2 | HDACS activity regulates skeletal muscle
differentiation in zebrafish and C2C12 myoblasts

To investigate a possible function of HDACS in differentiating skeletal
muscles, we took advantage of the well-characterized PCI inhibitor
that blocks the HDAC8 deacetylase activity (Balasubramanian et al.,
2008). We administrated PCl to zebrafish embryos in vivo and C2C12
cells in vitro. Zebrafish embryos were treated with a concentration of
150 uM of PCI from the 50% stage of epiboly, a developmental stage
in which the mesodermal layer, from which skeletal muscle derives, is
positioning in the gastrula. At 48 hpf, zebrafish embryos presented
morphological defects in the central nervous system (CNS) and
muscles, the regions where hdac8 transcript was more expressed, as
shown in Figure 1. PCl-treated embryos were divided in three
phenotypical classes based on the severity of the CNS and muscle
phenotypes: Class | showed a phenotype comparable to the control
embryos treated with the solvent DMSO, Class Il presented a mild
phenotype, and Class Il presented a severe phenotype (Figure 2a-d,
class quantification in e). We performed a dose-response assay
demonstrating that the observed phenotypes were correlated to the
doses of PCI treatment (Supporting Information Figure S1). The
sarcomeric myosins, which are expressed in differentiated and
functional muscle, were diminished in PCl-treated embryos in
comparison to controls, as demonstrated by immunohistochemistry
and western blot techniques (Figure 2f-i). Interestingly, same
morphological defects and myosin reduction were obtained in
zebrafish embryos injected with the hdac8 morpholino that blocks
Hdac8 protein production. These data indicate that the skeletal muscle
differentiation impairment was specific because of the Hdac8 loss-of-
function (Supporting Information Figure S2). Moreover, at 24 hpf the
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Inhibition of HDACS activity reduces skeletal muscle differentiation in zebrafish embryos and murine C2C12 myoblasts. (a-e) In

vivo treatment of zebrafish embryos with DMSO or PCI. Different phenotypical classes with increased severity (b-d; quantification in e) with
PCI treatment compared to the control embryos treated with the DMSO (a). (f,g) Immunohistochemical staining (IHC) and (h,i) western blot
analyses of sarcomeric myosins. Sarcomeric myosins were reduced in PCl-treated embryos at 48 hpf (g) in comparison to controls (f). Western
blot analyses (h; quantification in i) confirmed all MyHCs reduction in PCl-treated embryos in comparison to controls. (j,k) Inhibition of HDAC8
activity impaired C2C12 differentiation. Western blot analyses (j; quantification in k) confirmed all MyHC reduction in PCl-treated C2C12 cells
in comparison with DMSO-treated ones. Scale bars indicate 100 pm in (a-d) and (f,g). Asterisks represent *p < 0.05, Student t test. DMSO:
dimethyl sulfoxide; HDACS: histone deacetylase 8; hpf: hours post fertilization
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embryos treated with PCl did not present myogenic impairment
confirming that Hdac8 activity is not necessary during early skeletal
muscle differentiation (Supporting Information Figure S3).

Also in vitro, PCI treatment blocked the differentiation of C2C12
myoblasts in comparison to DMSO-treated cells. Under differentiat-
ing conditions, wild-type C2C12 cells fused into multinucleated
myotubes. By contrast, when challenged to differentiate in the low-
serum medium in the presence of PCl, C2C12 cells remained
mononucleated and maintained an undifferentiated phenotype. We
assessed that the differentiation of PCl-treated cells was impaired in

comparison with DMSO-treated cells as the levels of sarcomeric
myosins, analyzed by the western blot techniques, were diminished
(Figure 2j-k).

3.3 | HDACS regulates skeletal muscle
differentiation through the activation of the
canonical Wnt pathway

To gain mechanistic insights into how HDAC8 regulates skeletal
muscle differentiation, we hypothesized that it modulates the
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FIGURE 3 : HDACS activates canonical Wnt signaling. (a-c) Canonical Wnt signaling was decreased with the PCl treatment in zebrafish

embryos. (a) Active p-catenin was decreased in PCl-treated embryos in comparison to DMSO controls, whereas total f-catenin was increased by
western blot analyses and relative quantifications (b-c). (d,e) The efficacy of PCI treatment was verified by the acetylation status of the Hdac8
target Smc3. (d) Smc3ac levels were increased in PCl-treated embryos in comparison with DMSO controls, quantification in (e). (f-h) Canonical
Wnht signaling was decreased with the PCl treatment in C2C12 cells in the differentiation medium. (f) Active p-catenin was decreased in PCl-
treated C2C12 cells in comparison with those treated with DMSO, whereas total -catenin was increased by western blot analyses and relative
quantifications (g,h). (i,j) The efficacy of PCI treatment in the C2C12 was verified by the acetylation status of the Hdac8 target Smc3.

(i) Smc3ac levels were increased in PCl-treated C2C12 in comparison to DMSO treated controls, quantification in (j). Asterisks represent

*p < 0.05, ***p < 0.001, Student t test. DMSO: dimethyl sulfoxide; HDACS8: histone deacetylase 8
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canonical Wnt pathway, a well-known regulator of skeletal muscle
development and differentiation (Rudnicki & Williams, 2015). Indeed,
in a hepatocellular model, it has been demonstrated that HDAC8
positively regulates the p-catenin/TCF (T-Cell Factor) signaling acting
in concert with enhancer of zeste homolog 2 (EZH2) to epigenetically
repress Wnt antagonists (Tian et al., 2015). Therefore, we analyzed the
activation status of the canonical Wnt pathway in zebrafish embryos
and C2C12 myoblasts treated with PCl. The phosphorylated and
active form of p-catenin was diminished, as demonstrated by western
blot analyses, in PCl-treated zebrafish embryos in comparison to
controls treated with DMSO. In contrast, the levels of total p-catenin
were even increased (Figure 3a, quantification in b and c). This last
result is not surprising because we have seen similar upregulation of
p-catenin in zebrafish embryos with impaired activity of the canonical
Whnt pathway (Valenti et al., 2015). To verify the efficiency of the PCI-
mediated Hdac8 inhibition that is responsible for the Wnt pathway
downregulation, we analyzed the acetylation status of Smc3, a known
Hdac8 target (Deardorff et al., 2012). Acetylated Smc3 (Smc3ac) levels
were increased following the PCl treatment of the embryos,
confirming the block of Hdac8 activity (Figure 3d, quantification in
e). Same results were obtained in the C2C12 cells in the differentiation
medium treated with PCl: western blot analyses confirmed the lower
expression of active B-catenin in comparison with total B-catenin
(Figure 3f, quantification in g and h) and increased levels of Smc3ac
following the PCI treatment (Figure 3i, quantification in j).

The Wnt pathway in zebrafish can be activated through chemical
treatments such as LiCl (Pistocchi, Fazio et al.,, 2013). Therefore, to
further demonstrate that skeletal muscle differentiation impairment,
observed with PCl-mediated Hdac8 inhibition, was specifically due to

Whnt pathway downregulation, we reactivated the pathway adding

DMSO
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LiCl in PCl-treated zebrafish embryos. The morphological defects
presented by PCl-treated embryos at 36 hpf (embryos with morpho-
logical defects: 50/70) were partially rescued by LiCl addition
(embryos with morphological defects: 20/70; Figure 4a-c). Moreover,
the levels of sarcomeric myosins analyzed by western blot techniques
were rescued in embryos treated with PCI+ LiCl in comparison to
embryos treated only with PCl (Figure 4d, quantification in e).
We also verify the efficiency of LiCl treatment by measuring the

active p-catenin levels (Figure 4d, quantification in f).

4 | DISCUSSION

In previous works, HDAC8 was shown to be expressed in smooth
muscle cells in association with SMA and cortactin (Li et al,, 2014),
and its silencing by the RNA interference impairs the contraction of
smooth muscle cultured cells (Waltregny et al., 2005). However, the
role and mechanism of HDACS8 action in smooth muscle tissues
are largely unknown. In this study, we described for the first time the
expression and role of HDACS8 in the skeletal muscles. First, we
demonstrated that HDAC8 is expressed in human and zebrafish
skeletal muscles, Then we analyzed the expression of HDAC8 during
muscle differentiation in the murine C2C12 skeletal muscle cells,
during zebrafish muscle development and in two types of rhabdo-
myosarcoma cells with various degrees of invasiveness correlating to
their ability to differentiate (RD/12 and RD/18). We decided to
include these cells in the expression analyses as it has been reported
that histone deacetylase inhibitor (HDACI) synergize with current
anticancer rhabdomyosarcoma
2015).
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: The HDAC8-mediated positive regulation of Wnt signaling is responsible for the skeletal muscle differentiation. (a-c)

Morphological defect presented by PCl-treated embryos was rescued by LiCl addition. (d-f) Skeletal muscle differentiation was rescued when the
Whnt pathway was restored by LiCl administration in PCl-treated zebrafish embryos. (d) Sarcomeric myosins, analyzed by western blot techniques,
decreased in PCl-treated embryos and returned comparable with those treated with DMSO when Wnt pathway was rescued adding LiCl
(quantification in e). The efficacy of LiCl treatment was verified by measuring the active f-catenin by western blot techniques (quantification in f).
Asterisks represent *p < 0.05, Student t test. DMSO: dimethyl sulfoxide; HDACS8: histone deacetylase 8
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Interestingly, we correlated the expression of HDAC8 with an
advanced differentiation state of skeletal muscles. Indeed, both in
C2C12 cells and zebrafish, HDAC8 expression is weak in the initial
phases and increases later during the muscle differentiation process.
These data are even more striking in the rhabdomyosarcoma cells,
where the RD/18 cell line cultured in the differentiation medium for
11 days shows a greater increase in the HDAC8 expression compared
to the RD/12 cell line maintained in the same conditions. The HDAC8
increased expression increase correlates with the differentiation
capacity of the two cell lines.

For functional analyses, we treated the C2C12 cells and the
zebrafish embryos with the HDACS inhibitor PCI-34051. In zebrafish
embryos, we performed the Hdac8 inhibition by adding the
PCl-34051 after the shield stage (6 hpf) to prevent gross morpho-
logical defects in the initial phase of gastrulation, when mesoderm is
defined. We also performed loss-of-function studies in zebrafish by
injecting the oligonucleotide antisense morpholino designed against
hdac8 to compare and confirm the results obtained with the PCI-
34051 treatment. Both in the cellular and zebrafish models with
reduced HDACS8 activity, we observed an impairment in muscle
differentiation following the initial myoblast commitment, in line with
the kinetic of HDAC8 expression previously analyzed. In the C2C12
cells, myoblasts were formed but failed to fuse in myotubes and to
express the markers of differentiation; in zebrafish, the levels of
functional myosins were reduced after 24 hpf but the myogenic
program started, as demonstrated by the proper expression of
the myogenic regulatory factors (MRFs) MyoD and Myog and by the
presence of myosin proteins. Interestingly, lezzi, Cossu, Nervi,
Sartorelli, and Puri (2002) demonstrated that the levels of myogenin
were not affected by myoblast exposure to HDACI, suggesting that
HDACI selectively activate late muscle markers. Previous studies
reported that HDACi have different effects by promoting or
inhibiting myogenesis (Steinbach, Wolffe, & Rupp, 1997), and this
discrepancy might be explained by the stage-specific effects of
HDACi exposure.

We also demonstrated that the block on muscle differentiation
observed after HDACS inhibition is correlated with the downregula-
tion of the canonical Wnt pathway. Several works demonstrate that
the formation of skeletal muscle is tightly modulated by Wnt signaling
for self-renewal and muscle differentiation and its dysregulation leads
to perturbation of muscle fibers. Chemical activation of the Wnt/p-
catenin pathway in differentiating myoblasts using LiCl, increases both
the number and size of C2C12 myotubes, whereas inhibition of Wnt/p-
catenin signaling results in a significant decrease in myotube length
(Abraham, 2016). Indeed, the Wnt target f-catenin interacts directly
with MyoD, enhancing its binding to E box elements and its
transcriptional activity of muscle-specific genes. This transactivation
is inhibited when f-catenin is deficient or the interaction between
MyoD and p-catenin is disrupted (Kim, Neiswender, Baik, Xiong, & Mei,
2008). We demonstrated that the reduction of myosins observed in
PCI-34051 treated embryos was caused by a decrease in activated p-
catenin levels. A mechanism by which HDACS regulates the canonical
Wnt pathway has been recently described in human non-alcoholic

fatty liver disease (NAFLD)-associated hepatocellular carcinoma by
Tian, Mok, Yang, and Cheng (2016). HDAC8 physically interacts with
the polycomb protein EZH2 and contributes to the activation of Wnt/
pB-catenin signaling. Further analyses are necessary to demonstrate
whether this mechanism is conserved also in skeletal muscle and for
the identification of other mechanisms related to HDACS activity and
muscle differentiation. Indeed, while we were preparing this manu-
script, Tsai et al. (2018) published that the cohesin complex has to be
recruited to the chromatin for the activation of myogenin. The authors
showed that the differentiation of C2C12 myoblasts was prevented if
the cohesin complex activity was impaired. Because HDACS regulates
the residency of the cohesin complex onto the DNA and chromatin
accessibility via the acetylation of the cohesin component SMC3, the
PCl-mediated inhibition of HDAC8 might also block this process and
impair C2C12 differentiation. Moreover, according to the dual activity
of HDACS8 as nuclear or cytosolic protein, acetylome profile studies
following PCI inhibition both in in vitro and in vivo models may
uncover HDAC8-related targets.

Disregulation of canonical Wnt signaling has been reported in
different pathologies, such as Duchenne muscular dystrophy (DMD;
Trensz, Haroun, Cloutier, Richter, & Grenier, 2010; Barbarino et al.,
2018), facioscapulohumeral muscular dystrophy (Block et al., 2013), and
oculopharyngeal muscular dystrophy (Abu-Baker et al., 2013). Inhibition
of canonical Wnt signaling in a mouse model for DMD (mdx) was shown
to reduce fibrosis (Trensz et al.,, 2010). HDACi have recently emerged as
potential pharmacological strategies for cancer treatment, and several
of them are already approved by the International Drug Administration
agencies. The increasing interest and use of HDACi has led to the
development of class-specific inhibitors, such as the PCI-34051, which
helps us to uncover the functional role of HDACS8 in skeletal muscle
differentiation and, in the future, might ameliorate the phenotype in
pathological conditions. On the basis of the numerous beneficial effects
of HDACi in skeletal muscle under pathological conditions, we believe
that they are promising therapeutic agents.
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Supplementary materials

Morpholino injections

Injections were carried out on 1- to 2-cell stage embryos; the dye tracer rhodamine dextran was also
co-injected. To repress hdac8 mRNA translations, one morpholino was synthesized (Gene Tools
LLC, Philomath OR, USA) targeting hdac8-ATG, and used at the concentration of 1 pmole/embryo
in 1x Danieau buffer (pH 7,6). A standard control morpholino oligonucleotide (ctrl-MO) was injected

in parallel (Nasevicius & Ekker, 2000).
ATG-hdac8-MO: 5’>-CATTACTGTCGCTTTTTTCACTCAT-3".

Supplementary References

Nasevicius, a, & Ekker, S. C. (2000). Effective targeted gene “knockdown” in zebrafish. Nature Genetics,
26(2), 216-20. https://doi.org/10.1038/79951
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Suppl. Figure S1: PCI-34051 dose response. Zebrafish embryos were treated with different concentrations
of PCI ranging from 50 pM to 250 uM. By increasing the concentration of PCI, morphological defects
presented by the embryos were increased. Control embryos were treated with DMSO (250 uM). Embryo were
divided into three phenotypical classes with increased severity: class [ with low morphological defects, class
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Suppl. Figure S2: hdac8-MO injection in zebrafish embryos reduces skeletal muscle differentiation.
Different phenotypical classes of zebrafish embryos injected with Adac8-MO (C-E) and control-MO (4);
quantification in (B). (F) Dose-dependent assay for Adac8-MO injection. The percentage of embryos exhibiting
a phenotype specific for each class was dependent to the injected dose of hdac8-MO. (G-J) Sarcomeric
myosins reduction (H) in hdac8-MO 48 hpf embryos in comparison to controls () with [HC staining analyses.
Western blot analyses (7; quantification in J) confirmed all MyHC reduction in 48 hpf zebrafish embryos

injected with the Adac8-MO. Scale bar indicates 100 pm.
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Suppl. Figure S3: Hdac8 activity is not necessary during early skeletal muscle differentiation.

(A-B) WISH analysis of myoD expression was comparable in DMSO (4) and PCI treated (B) embryos at 20
somites. (C-D) WISH analysis of myog expression was comparable in DMSO (C) and PCI treated (D) embryos
at 24 hpf. (E-F) THC analysis of all MyHC levels was comparable in DMSO (E) and PCI treated (F) embryos

at 24 hpf. Scale bar indicates 100 pm.

Supplementary Table 1
Zf-hdac8 gPCR ff 5’-GGGACAATGATGACCCTCAG-3’
Zf-hdac8 gPCR rev 5’-GCAGCCGCGTAATCAAAA-3’
Zf-rpl8 gPCR ff 5’-CTCCGTCTTCAAAGCCCATGT-3’
Zf-rpl8 gPCR rev 5’-TCCTTCACGATCCCCTTGATG-3’
Zf-hdac8 probe ff 5’-ACATGAGGGTCGTGAAGCCT-3’
Zf-hdac8 probe rev 5’-ACCGCGTCATTCACATAACA-3’
m-Hdac8 qPCR ff 5’-TAGGTTATGACTGCCCAGCC-3’
m-Hdac8 gPCR rev 5’-ACCCTCCAGACCAGTTGATG-3’
m-Gapdh gPCR ff 5’-GCTCACTGGCATGGCCTTC-3’
m-Gapdh gPCR rev 5’-CCTTCTTGATGTCATCATACTTGGC-3’
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Supplementary Table S2

Proteins Polyacrylamide | Blotting | Blocking Primary | Secondary | ECL detection
concentration solution | Antibody | Antibody system
dilution dilution
(in (in 5%
Blocking Skim milk
solution) in TBS-T
0.1%)
All MyHC 7.5% 30V 5% Skim Anti- LiteAblot PLUS
const. milk in 1:6 Mouse Euroclone
O.N. 4°C TBS-T 1:4000
0.1%
Smc3ac 10% 100V 5% BSA in Anti- ETA C ULTRA
const TBS-T 1:500 Mouse 2.0 Cyanagen
2h 4°C 0.1% 1:4000
Vinculin 7.5%/10% 30V 5% Skim Anti- LiteAblot PLUS
const. milk in Mouse Euroclone
O.N. 4°C/ TBS-T 1:6000 1:4000
100V 0.1%
const
2h 4°C
Active B—catenin 10% 100V 5% BSA in 1:500 Anti- ETA C ULTRA
const TBS-T Mouse 2.0 Cyanagen
2h 4°C 0.1% 1:8000
Total B—catenin 10% 100V 5% BSA in 1:1000 Anti-Rabbit | ETA C ULTRA
const TBS-T 1:5000 2.0 Cyanagen
2h 4°C 0.1%
AB-tubulin 10% 100V 5% BSA in 1:1000 Anti-Rabbit | LiteAblot PLUS
const TBS-T 1:5000 Euroclone
2h 4°C 0.1%
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3.3 HDACS8: a promising therapeutic target for acute myeloid

leukemia

Previous works reported HDACS overexpression in CD34" haematopoietic stem cells (HSC) from
AML patients and indicated that HDAC8 modulation of p53 activity is crucial in promoting
survival of both healthy and leukemic HSCs. Moreover, HDACS inhibition was shown to be
particularly effective in abrogating leukemic HSC survival in a subset of AML patients carrying
the inversion of chromosome 16 (inv(16)). These data suggested that HDAC8 may sustain AML
progression and that its inhibition could be a potential treatment for this malignancy. To test this
hypothesis, in this paper we took advantage of the zebrafish model in order to evaluate the
haematopoietic phenotype following hdac8 overexpression. We also evaluated the feasibility of
HDACS inhibition as a pharmacological approach for AML both in hdac8-overexpressing

zebrafish and in AML cell lines.
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Histone deacetylase 8 (HDACS), a class | HDAC that modifies non-histone proteins such
as pb53, is highly expressed in different hematological neoplasms including a subtype
of acute myeloid leukemia (AML) bearing inversion of chromosome 16 [inv(16)]. To
investigate HDACS8 contribution to hematopoietic stem cell maintenance and myeloid
leukemic transformation, we generated a zebrafish model with Hdac8 overexpression
and observed an increase in hematopoietic stem/progenitor cells, a phenotype that
could be reverted using a specific HDACS inhibitor, PCI-34051 (PCI). In addition, we
demonstrated that AML cell lines respond differently to PCI treatment: HDACS inhibition
elicits cytotoxic effect with cell cycle arrest followed by apoptosis in THP-1 cells, and
cytostatic effect in HLB0 cells that lack p53. A combination of cytarabine, a standard
anti-AML chemotherapeutic, with PCI resulted in a synergistic effect in all the cell
lines tested. We, then, searched for a mechanism behind cell cycle arrest caused by
HDACS inhibition in the absence of functional p53 and demonstrated an involvement
of the canonical WNT signaling in zebrafish and in cell lines. Together, we provide the
evidence for the role of HDACS8 in hematopoietic stem cell differentiation in zebrafish and
AML cell lines, suggesting HDACS inhibition as a therapeutic target in hematological
malignancies. Accordingly, we demonstrated the utility of a highly specific HDAC8
inhibition as a therapeutic strategy in combination with standard chemotherapy.
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INTRODUCTION

Acute myeloid leukemia (AML) is a group of heterogeneous malignant hematological disorders
underlain by genetic and epigenetic changes in hematopoietic stem cells (HSCs) and myeloid
progenitors causing an imbalance between survival, proliferation and differentiation. The net
effect of all changes is the accumulation of unfunctional myeloid cells, termed blasts, in the bone
marrow. AML is the most frequent acute leukemia type in adults and, currently, it is curable
in 35-40% of patients under 60 years of age and only in 5-15% of patients older than 60 years
(Dohner et al., 2015).

Histone deacetylase 8 (HDACS) is a ubiquitously expressed class I HDAC (Buggy et al., 2000;
Hu et al., 2000; Van Den Wyngaert et al., 2000). Unlike other class I HDACs, it localizes both in
the nucleus and in the cytoplasm (Li et al., 2014), lacks the C-terminal protein-binding domain
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(Somoza et al, 2004) and is characterized by a peculiar
negative regulation of its activity by cAMP-dependent protein
kinase (PKA) (Lee et al., 2004), which suggests a functional
specialization. HDAC8 has been demonstrated to target non-
histone proteins, such as the structural maintenance of
chromosome 3 (SMC3) cohesin protein, retinoic acid induced
1 (RAT1) and p53, thus regulating diverse processes (Deardorff
et al, 2012; Wu et al,, 2013; Olson et al, 2014). HDAC8
is either overexpressed or dysregulated in cancers, such as
neuroblastoma, breast cancer, colon cancer (Nakagawa et al.,
2007; Oehme et al., 2009; Park et al., 2011) and hematological
malignancies. In particular, HDACS expression was found to be
increased in primary cells from childhood acute lymphoblastic
leukemia patients (Moreno et al, 2010), in adult T cell
leukemia/lymphoma (Higuchi et al., 2013) and human myeloma
cell lines (Mithraprabhu et al., 2014). HDAC8 was demonstrated
to interact with CBFp-SMMHC fusion protein, resulting from the
inversion of chromosome 16 [inv(16)] (Durst et al., 2003). The
interaction of both HDACS and p53 with inv(16) fusion protein
leads to increased deacetylation and consequent inhibition of
p53, which promotes survival and proliferation of inv(16)+
AML CD34+ cells (Qi et al., 2015). Interestingly, high HDACS
expression was detected not only in inv(16)+ AML CD34+ cells,
but also in non-inv(16)+ AML CD34+ cells, suggesting a more
general involvement of HDACS8 in AML development (Qi et al.,
2015). The role of HDACS8 in AML onset is further supported by a
recent finding of it playing a crucial role in maintaining long-term
HSC under stress condition by inhibiting p53 (Hua et al., 2017).

Histone deacetylase inhibitors (HDACIi) possess an anti-
cancer activity through the induction of apoptosis and cell cycle
arrest (Eckschlager et al., 2017) in solid and hematological tumors
(Ceccacci and Minucci, 2016; Imai et al., 2016). However, the use
of HDAC: is still limited due to the safety issues as side effects,
including fatigue, diarrhea and thrombocytopenia, have been
observed following their administration (Subramanian et al,
2010). Such toxicity is most likely related to the lack of selectivity
of most of these drugs that act as pan-HDACi. In order to
improve the outcome of the therapy and reduce side effects,
compounds targeting specific HDAC isoforms are needed.

The distinctive structure of HDACS, in comparison to
others class I HDAC family members, allowed the development
of high specific HDAC8 inhibitor PCI-34051 (hereafter PCI)
(Balasubramanian et al, 2008), previously tested in T-cell
lymphoma (Balasubramanian et al, 2008) and AML (Qi
et al, 2015). The aim of this project was to explore the
feasibility of HDACS inhibition as a therapeutic approach in
AML. To this end, we generated a zebrafish (Danio rerio)
model for Hdac8 overexpression that displayed a hematopoietic
phenotype characterized by an increase in the hematopoietic
stem/progenitor cells (HSPCs) population that could be rescued
by PCI treatment. In parallel, we assessed the response of AML
cell lines (OCI-AMLS5, HL60, PLB985, THP-1, and AML193) to
PCI. We observed that PCI elicits apoptosis in THP-1 cell line and
in the zebrafish embryos overexpressing Hdac8, while it induces
cell cycle arrest in p53-null HL60 cells, prompting a search of
alternative mechanisms explaining PCI action in the absence of
p53. We, thus, demonstrated an involvement of the canonical
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Wnt signaling. Our results suggest that selective inhibition of
HDACS8 by PCI may be a valuable therapeutic approach for the
treatment of AML patients.

MATERIALS AND METHODS
Zebrafish Embryos

Zebrafish (D. rerio) were maintained at the University of Milan,
Via Celoria 26 - 20133 Milan, Italy (Autorizzazione Protocollo
n. 295/2012-A - December 20, 2012) and Cogentech s.c.a.r.l. via
Adamello 16 - 20139 Milan, Italy (Autorizzazione Protocollo n.
007894 — May 29, 2018). Zebrafish strains AB, Tg(CD41:GFP),
Tg(TOPAGFP) and p53M214K (Dorsky et al., 2002; Berghmans
et al, 2005; Lin et al, 2005) were maintained according to
international (EU Directive 2010/63/EU) and national guidelines
(Italian decree No 26 of the 4th of March 2014). Embryos
were staged and used until 5 days post fertilization, a time
windows in which zebrafish is not considered an animal model
according to national guidelines (Italian decree No 26 of the
4th of March 2014). Embryos were staged as described in
Kimmel et al. (1995) and raised in fish water (Instant Ocean,
0.1% Methylene Blue) at 28°C in Petri dishes, according to
established techniques. Embryonic ages are expressed in hours
post fertilization (hpf) and days post fertilization (dpf). To
prevent pigmentation, 0.003% 1-phenyl-2-thiourea (PTU, Sigma-
Aldrich, St. Louis, MI, United States) was added to the fish
water. Embryos were anesthetized with 0.016% tricaine (Ethyl
3-aminobenzoate methanesulfonate salt, Sigma-Aldrich) before
proceeding with experimental protocols.

Zebrafish Microinjection and Treatment
Injections were carried out on 1- to 2-cell stage embryos.
Zebrafish  hdac8 full-length mRNA was injected at the
concentration of 500 pg/embryo as previously described (Bottai
et al,, 2019). As a control the membrane red fluorescent protein
(mrfp) coding mRNA was injected at the same concentration.
Alternatively, in double immunofluorescence staining analyses,
we injected water as a control. For canonical Wnt inhibition,
zebrafish dkklb mRNA was injected at the concentration of
50 pg/embryo (Mazzola et al., 2019). PCI treatment were done
in 24-well plates, 30 embryos/well. PCI was added to fish water
at the concentration of 150 pM PCI and embryos were kept at
28°C in the dark for 24 h. Equal concentration of DMSO was
used as a control.

FACS Analysis in Zebrafish

Embryos dissociation was achieved as described in Bresciani
et al. (2018). FACS analysis were performed on Tg(CD41:GFP)
zebrafish embryos at 3 dpf as previously described (Ma et al.,
2011; Mazzola et al., 2019). We used Attune NxT (Thermo Fisher
Scientific, Waltham, MA, United States) instrument equipped
with software Kaluza (Beckman Coulter, Brea, CA, United States)
for the analysis. AB wild-type embryos were used to set the gate
to exclude auto-fluorescence of cells. The gate for GFP low/high
cells was set on control Tg(CD41:GFP) embryos to distinguish
a GFPy,,, population representing around 0.2% of total cells, as
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previously reported (Mazzola et al., 2019), and applied to all
categories analyzed.

Immunofluorescence

Embryos were fixed overnight in 4% paraformaldehyde (Sigma-
Aldrich) in PBS at 4°C. For single-color staining, we used rabbit
anti-GFP 1:500 (NC9589665, Torrey Pines Biolab, Houston,
TX, United States) as primary antibody and Alexa Fluor 488-
conjugated goat anti-rabbit IgG 1:400 (A11008, Invitrogen
Life Technologies, Carlsbad, CA, Untied States) as secondary
antibody. For dual staining, we took advantage of mouse
anti-GFP 1:2000 (MAB3580, Merck-Millipore, Burlington, MA,
United States), rabbit anti-histone H3 (phospho S$10) 1:200
(ab5176, Abcam, Cambridge, United Kingdom), and rabbit anti-
cleaved caspase 3 1:100 (9664, Cell Signaling Technologies,
Danvers, MA, United States) as primary antibodies and Alexa
Fluor 488-conjugated goat anti-mouse IgG and Alexa 546-
conjugated goat anti-rabbit IgG 1:400 (A11001 and A11010,
Invitrogen Life Technologies) as secondary antibodies. Embryos
were equilibrated and mounted in 85% glycerol solution in
PBS and imaged using a “TCS-SP2” confocal microscope (Leica,
Wetzlar, Germany), with 20x oil immersion 9 objective, 488 nm
argon ion and 405 nm diode lasers. Single stack images were
acquired for each sample. Images were processed using Adobe
Photoshop software. Quantification was performed by using the
Image] software. For dual staining, we counted the total number
of both GFP* cells and double positive cells. The percentage
of double positive cells was calculated as the ratio of double
positive/total GFP'.

Reverse Transcription and Real-Time
Quantitative PCR

Total RNA was extracted from cells or zebrafish whole embryos
(at least 30 embryos) with NucleoZOL reagent (Macherey-Nagel,
Diiren, Germany), according to the manufacturer’s instructions
and treated with RQ1 RNase-free DNase (Promega, Madison, WI,
United States). cDNA was synthetized using the GoScript Reverse
Transcription Kit (Promega), as specified by the manufacturer’s
instructions. qPCR analyses were performed with the GoTaq
qPCR Master Mix (Promega) on the Bio-Rad iQ5 Real Time
Detection System (Bio-Rad, Hercules, CA, United States) and
Quantum Studio 5 (Thermo Fisher). Gene expression changes
were calculated with the A ACt method. We used GAPDH for
AML cells and rpl8 and B-actin for zebrafish as internal control.
Primer sequences are list in Supplementary Table 1.

Cell Lines PCI Treatment

OCI-AMLS5, HL60, PLB985, THP-1, and AMLI193 cell lines
were originally obtained from ATCC/DSMZ repositories and
since stored at the internal cell line bank at the Department
of Experimental Oncology, IEO. Cell lines undergo regular
authentication and mycoplasma testing. Cells were seeded at 10*
cells/well in 96-well plates in 100 pl of growth medium and
allowed to grow for 24 h prior to treatment commencement.
PCI was dissolved in DMSO, diluted in the appropriate culture
medium and added into plates, as indicated. The concentration
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range of PCI has been determined based on published data and
ranged between 3.12 and 50 uM (Balasubramanian et al., 2008;
Qi et al, 2015). Seventy-two hours later, CellTiter-Glo assay
(Promega) was performed as indicated in the manufacturer’s
instructions and read on GloMax (Promega) plate reader.
Cells treated with DMSO (0.2% in appropriate medium) were
used as a control.

In vitro Proliferation

Cells were seeded in duplicate at 10° cells/ml and allowed to grow
for 24 h at 37°C, 5% CO,, 95% humidity. Then cells were treated
with 50 uM PCI or with 0.2% DMSO (control). At 12, 24, 48, and
72 h, both viable and dead cells were counted under an inverted-
light microscope (Leica) following 0.4% trypan blue staining.

Cell Cycle Analysis

Cells were seeded at 10° cells/ml and then treated with DMSO
or with 50 uM of PCI for 48 h. One-million of viable cells were
harvested after 12, 24, and 48 h, washed once with cold PBS, fixed
in 70% of ice-cold ethanol dropwise and kept on ice for 30 min.
Next, cells were washed in 1% BSA in PBS and stained overnight
with DNA staining solution containing 250 pg/ml of RNase and
5 pug/ml propidium iodide (PI) at 4°C. Data analysis was done
using flow cytometry (FACSCelesta, FlowJo10 software).

Apoptosis Assay

Cells were seeded at 10° cells/ml and then treated with DMSO
or with 50 pM of PCI for 72 h. A total of 50 x 10* cells
were harvested after 72 h, washed once with cold PBS and then
with annexin buffer. Cells were resuspended in 100 pl annexin-
APC diluted 1:50 in annexin buffer and incubated 1 h at room
temperature in the dark. Next, cells were washed once with
annexin buffer and resuspended in 1 x PBS. Cells were stained for
maximum 5 min with PI solution. Data analysis was done using
flow cytometry (FACSCelesta, FlowJo10 software).

Combination Treatment

Cells were seeded at 10* cells/well in 96-well plates and
allowed to grow for 24 h prior to treatment commencement.
Drug concentrations ranged from 0.78 to 100 pM and from
0.078 to 10 uM for PCI and cytarabine, respectively. Cells
were treated with all concentrations of single agents and in
combination setting, in which decreasing concentrations of each
compound were used together (Supplementary Figure 5). The
combination index (CI), based on the Bliss Independence model,
was calculated as CI = w, where E,4 indicates the effect
of compound A, Ep indicates the effect of compound B and
Eap the effect of the combination of both compounds. CI < 1
indicates synergism; CI = 1 indicates an additive effect, while
CI > 1 indicates antagonism (Foucquier and Guedj, 2015).

Statistical Analysis

Each experiment was performed at least twice (biological
replicates). A minimum number of 15 embryos was analyzed
in each imaging experiment, while RNA was extracted from a
minimum of 30 animals. PCI treatment outcome was assessed
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on at least 30 zebrafish embryos. For gqPCR analysis on
zebrafish, experiments were performed on at least three different
independent experiments (batches of embryos deriving from
different matings). The statistical significance was determined
using two-sided Student’s ¢-test when comparing two groups and
one-way ANOVA test followed by Tukey post hoc correction
when comparing three groups. One-sample -test was used
when control group was set to a defined value of 1. Data were
considered significant if p < 0.05.

RESULTS

Hdac8 Overexpression in Zebrafish
Leads to HSPCs Expansion and Its
Inhibition Elicits Apoptosis and Rescues

the Phenotype

CD34+ cells derived from inv(16)+ AML patients express high
levels of HDACS8 (Qi et al,, 2015). We generated a zebrafish
model for Hdac8 overexpression by injecting embryos with the
full-length zebrafish hdac8 mRNA (500 pg/embryo) to assess
whether HDACS8 upregulation would alter hematopoietic
phenotype in vivo. The injection of the hdac8-mRNA,
although increasing the hdac8 transcript and protein levels
(Supplementary Figures S1A,B), did not alter the general
morphology of the embryo or organ size (Supplementary
Figures SIC-E) but specifically impact on the hematopoietic
phenotype. In this regard, to obtain an easy read-out of the
hematopoietic phenotype, we performed hdac8 overexpression
in the Tg(CD41:GFP) transgenic line that expresses GFP protein
in HSPCs, Lin et al. (2005); Supplementary Figures SIEG,
and we assessed the expression of the HSC transcription factor
markers c-Myb, gata2b and Runx1, and of the immature myeloid
cells pu.1 that resulted upregulated following Hdac8 ectopic
expression (Supplementary Figures 1H,I). Confocal images
of the caudal hematopoietic tissue (CHT) in 3 dpf embryos
(Figure 1A), showed an increase in HSPC population upon
Hdac8 overexpression in comparison to controls (Figures 1B-C).
This effect was specific, as we obtained a significant reduction
of HSPCs in hdac8 mRNA-injected embryos treated with PCI
(Figure 1D). We then quantified HSPC number by enumerating
GFPy,,,-HSPCs in the three categories of embryos by flow
cytometry (Ma et al, 2011; Mazzola et al., 2019). GFPjy,-
HSPCs were significantly increased in hdac8-injected embryos
compared to controls and were reduced when treated with
PCI (Figures 1E-H). We also evaluated the effect of PCI on
zebrafish HSPCs in the absence of Hdac8 overexpression as a
control. Immunofluorescence and FACS analyses for the HSPCs
in the Tg(CD41:GFP) line and gene expression analyses for
the HSC marker cmyb indicated a decrease of HSPCs in PCI-
treated embryos compared to control embryos (Supplementary
Figures 2A-F). To assess whether the expansion in HSPCs
population following Hdac8 ectopic expression is indicative
to a pre-leukemic state and if these cells possess higher self-
renewal ability compared to their differentiated counterparts,
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we performed dual immunofluorescence with GFP (in green)
and phospho-histone H3 (PH3, in red) in the Tg(CD41:GFP)
embryos at 3 dpf. The ectopic expression of Hdac8 induced an
increased proliferation of HSPCs in comparison to controls, that
was reduced following PCI treatment (Figures 1I-L).

Since p53 is a target of HDAC8 and studies indicate that
PCI treatment determines cell cycle arrest and induction of
apoptosis in in vivo (Oehme et al., 2009) and in vitro (Rettig et al.,
2015) models, we verified whether PCI treatment determines
apoptosis also in zebrafish (Supplementary Figures 2G,H).
Thus, to assess PCI-mediated apoptosis specifically in the
HSPC population which was expanded following hdac8-
overexpression, we evaluated caspase-3 activation by dual
immunofluorescence in Hdac8-overexpressing Tg(CD41:GFP)
zebrafish embryos at 3 dpf treated or not with PCI. We observed
an increase of caspase-3t/GFPT HSPCs in PCl-treated hdac8-
mRNA injected embryos compared to hdac8-mRNA-injected and
control embryos (Figures 1M-P). This result was confirmed by
the significant increase of expression levels of the p53 target
genes (baxa, bida, bbc3, cdknla, and gadd45ba) by RT-qPCR in
PCl-treated hdac8-mRNA injected embryos compared to both
control mRNA- and hdac8-mRNA-injected embryos (Figure 1Q;
Qi et al.,, 2015). Taken together, these results indicate that Hdac8
overexpression in zebrafish determines an expansion of HSPC
population and that PCI treatment induces a block in cell
expansion activating p53-mediated apoptosis.

PCI Exerts Cytostatic and Cytotoxic
Effect on AML Cell Lines

To evaluate the effects of HDACS inhibition also in human
myeloid cells, we selected five AML cell lines expressing HDAC8
(OCI-AMLS5, HL60, PLB985, THP-1, and AML193). We treated
them once for 72 h with decreasing concentrations of PCI
and evaluated the viability using CTG luminescence assay, an
indicator of metabolically active cells. PCI decreased the viability
of HL60, PLB985, THP-1, and AML193 cell lines while OCI-
AMLS5 seemed less sensitive to the treatment (Figure 2A).

We excluded from further analyses the PLB985 cell line
since it is a sub-clone of HL60 and AML193 childhood AML
cell line as all the other cell lines derive from adult AML
patients. We validated HDAC8 expression levels by means of
RT-qPCR and western blot analyses. HL60 and THP-1 expressed
significantly higher HDAC8 mRNA than OCI-AML5 by RT-
qPCR (Supplementary Figure 3A). Western blot analysis also
indicated higher HDAC8 protein levels in HL60 and THP-1
than in OCI-AML5 (Supplementary Figure 3B). To determine
whether PCI elicits cytostatic of cytotoxic effect, we treated the
selected cell lines with 50 LM of PCI or with DMSO as a control
for 12, 24, 48, and 72 h and counted daily following trypan blue
staining. No significant effect on cell growth was observed in the
less-PCI-sensitive OCI-AMLS5 cell line (Figure 2B), although PCI
treatment increased the levels of acetylated SMC3 (ac-SMC3), a
specific HDACS8 target (Supplementary Figure 3C). By contrast,
PCI exerted a cytostatic effect in HL60 cell line and caused
cell death in THP-1 cells, as indicated by viable and dead cell
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FIGURE 1 | Analysis of Hdac8 overexpression in zebrafish and apoptosis induced by PCI treatment. (A) Scheme of trunk-tail region of zebrafish embryos: confocal
imaging was always performed on the same embryo region, comprising the tip of the yolk sack extension, between the dorsal aorta and the vein; representative
images of (B) control; (C) hdac8-mRNA injected; (D) PCl-treated hdac8-mRNA injected Tg(CD41:GFP) zebrafish embryos at 3 dpf. Scale bar represents 100 pm.
(E) Quantification by FACS of GFP,-HSPCs of (F) control; (G) hdac8-mRNA injected; (H) PCl-treated hdac8-mRNA injected Tg(CD41:GFP) zebrafish embryos at
3 dpf. The results are presented as mean + SD from three independent experiments. (I-L) Proliferation of HSPCs in the caudal hematopoietic tissue of the
Tg(CD41:GFP) zebrafish line following Hdac8 overexpression and PCl treatment. GFP™ HSPCs in green; PH3 in red; quantification in (I), N = 6 embryos analyzed.
(M-P) Apoptosis of HSPCs in the caudal hematopoietic tissue of the Tg({CD41:GFP) zebrafish line following PCl treatment. GFP* HSPCs in green; activated
caspase-3" cells in red; quantification in (M), NV = 3 embryos analyzed. Asterisks indicate double positive cells (yellow). Scale bar represents 100 pm. (Q) RT-gPCR
analyses of apoptotic markers baxa, bida, bbc3, cdkn1a, and gadd45ba expression in control mMRNA and hdac8-overexpressing zebrafish embryos treated with
DMSO or PCI. The results are presented as mean value + SD from three independent experiments. *p < 0.05, *"p < 0.01, n.s. = not significant, one-way ANOVA
followed by Tukey post hoc correction.

count (Figure 2B), which spurred us to investigate how PCI
treatment impacted cell cycle. To this end, we treated AML cell
lines with 50 wM PCI for 12, 24, and 48 h and analyzed DNA
content by PI staining. At 12 h PCI treatment resulted in a

ersin.org 5
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block in the GO-G1 phase of over 70 and 80% of HL60 and
THP-1 cells, respectively, while we did not detect any variations
between untreated and treated OCI-AMLS5 samples (Figure 2C).
Cell cycle arrest following PCI treatment in HL60 and THP-1
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FIGURE 2 | Cytostatic and cytotoxic effect of PCl in AML cell lines. {A) The indicated cell lines were treated for 72 h with different concentration of PCI, or DMSO
alone as a control. CTG assay was used to assess the effect of the treatment on the cell viability. The results are presented as mean =+ SD from four technical
replicates deriving from one independent experiment for PLB985 and AML193 cell lines, and at least two independent experiments for OCI-AMLS, HL60, and THP-1
cell lines. (B) Effect of PCl on AML cell line growth. Cells were treated with 50 uM of PCI or with DMSO as a control. Cell viability (upper panel) and cell death (lower
panel) were determined 12, 24, 48, and 72 h after treatment using trypan blue staining. The results are presented as mean + SEM from two independent
experiments for 12 h and three independent experiments for the others time points. (C) Cell cycle time course over 48 h of PCI treatment. Cells were treated with
50 uM of PCI or with DMSO as a control. Histogram showing cell distribution in three different cell cycle phases indicated as diverse shades of gray. The results are
presented as mean + SEM from two independent experiments. (D) Induction of apoptosis upon 72 h of PCI treatment. Cells were treated with 50 uM of PCI or with
DMSO as a control. Histogram showing the percentage of live, AnnV+/Pl, AnnV+/Pl+ and AnnV-/Pl+ cells indicated as diverse shades of gray. The results are
presented as mean + SEM from three independent experiments. NT, untreated; TO, time zero; AnnV, annexin V; PI, propidium iodide. *p < 0.05, **p < 0.01,

***p < 0.001, Student’s t-test.
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cell lines was underlain by a decrease in CyclinDI (CCNDI)
and CMYC expression (Supplementary Figure 4). Next, we
evaluated apoptosis induction using Annexin V/PI staining and
we demonstrated that PCI treatment induces apoptosis only in
THP-1 cells as attested by increased percentages of Annexin
VF/PI* positive population corresponding to late apoptotic cells
at 72 h. Indeed, the HL60 cells responded to PCI inhibition
but cannot undergo apoptosis lacking functional p53 (Wolf and
Rotter, 1985; Figure 2D).

Taken together, these data indicate that PCI treatment impacts
on AML cell survival causing cell cycle arrest followed by
apoptosis when p53 is functional.

PCI Synergizes With Cytarabine in AML

Cell Lines
Combination therapy allows for dose reduction, lowers the
incidence and severity of side effects and prevents the
development of resistance. We treated AML cell lines with
cytarabine, an agent used at the frontline of AML treatment,
alone or together with PCI to assess whether their combination
resulted in synergy, additivity or antagonism as an in vitro
indicator of a potential advantage of combination over single-
agent treatment. OCI-AMLS, HL60, and THP-1 cells were treated
for 72 h with cytarabine at concentrations ranging from 0.078 to
10 uM and PCI at concentration range of 0.78-100 pM alone
or together mixing decreasing concentrations of each compound
(Supplementary Figure 5). Based on CI, a synergistic effect
was observed for all AML cell lines when combining 0.35 pM
cytarabine with 25 pM PCI. The combination of cytarabine and
PCI resulted in an effect that was greater than the sum of single
treatment outcomes in OCI-AML5 and HL60 cell lines, whilst
showing a dramatic combination effect in THP-1 cell line at a
concentration of cytarabine that alone had no effect. In detail,
in THP-1 cell line the combination resulted in 47% of cell death
compared to 0% of cytarabine and 23.5% of PCI in single-agent
setting (Figure 3).

These results might suggest that cytarabine doses can be
reduced in combination therapy while eliciting the same
inhibitory effect on cell proliferation.

HDACS Inhibition Downregulates
Canonical Wnt Pathway

We wished to identify a mechanism of action responsible for
PCI-induced growth arrest in HL60 cells that responded to
PCI inhibition without undergoing apoptosis being p53-null.
Recently, we and others demonstrated that HDACS8 activates
canonical Wnt pathway (Tian et al., 2015; Ferrari et al,, 2019),
which is frequently dysregulated in AML (Gruszka et al,
2019). We investigated whether Wnt signaling was affected
by HDACS inhibition in AML cell line. We analyzed by RT-
qPCR the expression levels of canonical Wnt pathway inhibitors
NKDI and PPP2R2B, previously reported to be downregulated
by forced HDACS expression and upregulated following PCI
treatment (Tian et al., 2015). We observed that the expression
levels of both NKDI and PPP2R2B increased following PCI
treatment in PCI sensitive cell lines HL60 and THP-1, indicating
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that HDAC8-mediated downregulation of the canonical Wnt
signaling could be the cause of cell cycle arrest in these cell lines.
Interestingly, the Wnt pathway was not modulated in the less-
sensitive OCI-AMLS5 cells, confirming the specificity of HDAC8
inhibition on Wnt regulation (Figure 4A).

To verify that the downregulation of the Wnt pathway is
p53-independent, we assessed Wnt pathway modulation in p53
mutant zebrafish embryos, which mimicked the p53-null HL60
condition. Thus, we took advantage of a homozygous zebrafish
p53M214K mutant line, which lacks functional p53 (Berghmans
etal., 2005), and we observed that, although the expression of the
apoptotic markers bida and cdknla was not affected as expected
in a p53 null background, a decrease of the expression of Wnt
inhibitors axin2, nkdl, and ppp2r2b was observed in Hdac8-
overexpressed mutant embryos compared to controls while PCI
treatment restored the expression of Wnt inhibitors (Figure 4B).
To further demonstrate that Hdac8 modulates Wnt signaling, we
evaluated the regulation of canonical Wnt signaling by assessing
the levels of active- and total-p catenin by western blot techniques
(Supplementary Figure 6), and we used a zebrafish canonical
Wnt reporter transgenic line Tg(TOPAGEP) (Dorsky et al., 2002).
Following hdac8 overexpression, canonical Wnt signaling was
increased also in the HSPCs in the CHT region, while it
was switched off following PCI administration (Figure 4C and
Supplementary Figure 7). Interestingly, a similar reduction in
the HSPCs in the CHT region of Tg(TOPdGFP) or Tg(CD41:GFP)
zebrafish embryos was achieved following inhibition of the
canonical Wnt signaling in hdac8-mRNA-injected embryos by
means of co-injection of the dkk1b transcript (50 pg/embryo)
(Mazzola et al., 2019; Figure 4D,E and Supplementary Figure 7).
Taken together, these data demonstrate that HDACS activates
canonical Wnt pathway that, in turns, regulates hematopoietic
cell proliferation (Richter et al., 2017; Mazzola et al., 2019).
PCI administration downregulates Wnt signaling and reduces
HSPCs, an important finding as Wnt downregulation is a clinical
treatment currently in use for AML patients.

DISCUSSION

Aberrations in epigenetic regulators contribute to cancer,
including leukemia insurgence, hence, the use of epigenetic
modifiers may comprise a promising therapeutic approach
(Nakagawa et al., 2007; Zhang et al., 2012). Epigenetic defects are
generally reversible, as opposed to genetic changes, providing a
strong rationale for a pharmaceutical intervention. Low level of
acetylation due to high expression of HDACs (Nakagawa et al.,
2007; Wang et al., 2016) is one of the most frequent epigenetic
modifications found in cancer cells. HDACs are more expressed
in hematological malignancies including AML than in normal
hematopoietic cells (Bradbury et al., 2005; Marquard et al., 2009),
and we demonstrated that forced expression of Hdac8 in zebrafish
embryos induced an increase in HSPC number that can be rescued
with the use of a specific HDAC8 inhibitor. HDACi have been
used as therapeutic agents in AML, myelodysplastic syndromes,
lymphoma, and chronic lymphoblastic leukemia (Melnick and
Licht, 2002; Altucci and Minucci, 2009; Gloghini et al., 2009);
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however, monotherapy elicits modest effects. There are several
possible reasons behind this failure. For example, HDACi exert
different outcomes depending on timing of administration and
differentiation stage of the tumor (Kuendgen et al., 2011; Garcia-
Manero et al., 2012; Novotny-Diermayr et al., 2012; Romanski
et al,, 2012; Xie et al., 2012; Candelaria et al., 2017; Huang and
Zong, 2017; Young et al., 2017). In addition, the vast majority of
preclinical and clinical studies deploying HDAC:i for anti-cancer
treatment involved unselective inhibitors targeting all HDACs
(pan-HDACI) with broad spectrum of side effects and toxicity,
thus calling for exploitation of agents that specifically block
individual HDACs. PCI is a specific small molecule inhibitor
endowed with 200-fold higher selectivity for HDAC8 than for
other HDAC:s; it is more effective and less toxic than pan-HDACi
(Balasubramanian et al., 2008).

We demonstrated that HSPCs are sensitive to selective
HDACS inhibition both in a zebrafish embryological context as
well as in adult derived-AML cell lines. This is in agreement
with findings of Qi et al. (2015) that showed that leukemic cells
bearing inv(16) linked to high expression levels of HDACS (5-12
times that of CD34+ cells from healthy donors) were particularly
responsive to treatment with PCI, although also non-inv(16)
AML blasts showed a degree of sensitivity. Since the hierarchy of
HSPCs is finely tuned during development until adulthood and
subjected to different regulatory cues, our demonstration that the
HDACS inhibition is effective on HSPCs during embryogenesis
and in the adult, provides a common mechanism against HSPCs
self-renewal and amplification and an attractive therapeutic
treatment for the future.

We found that PCI elicits cytostatic or cytotoxic effect in AML
sensitive cell lines. Mechanistically, sensitive cells undergo cell
cycle arrest, followed by apoptosis when expressing p53. Cell
cycle arrest in the GO/G1 phase and induction of p21WAF1/CIP1
expression was previously observed in neuroblastoma cells upon
HDACS silencing, while an increase of cells in G2/M phase of
the cell cycle was reported in hepatocellular cancer cells treated
with PCI (Tian et al., 2016). p53 is a known HDACS target and
its aberrant deacetylation by HDACS8 disables p53 function and
promotes leukemic transformation (Wu et al., 2013). HDAC8
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FIGURE 3 | Combination treatment with cytarabine + PCI. OCI-AMLS, HL60, and THP-1 cell lines were treated for 72 h with single compound and their
combination. CTG assay was used to assess the effect of each treatment on the cell culture viability. The bar graph represents the effect of one of the eight
concentrations tested. Cl values are shown for each combination. The results are presented as mean + SEM from two independent experiments. Asterisk (*)
indicates significance of combination treatment versus PClI, circle (°) indicates significance of combination treatment versus cytarabine. One symbol, p < 0.05,

knockout or pharmacological inhibition effectively restores p53
acetylation and activity inducting apoptosis in inv(16)" AML
CD34% cells (Qi et al., 2015). Similarly, we observed p53-
dependent apoptosis specifically in CD41-GFP* hematopoietic
compartment following PCI treatment of zebrafish embryos
overexpressing Hdac8. This population was increased in zebrafish
embryos upon Hdac8 overexpression. Our findings are consistent
with literature data demonstrating that HDACS regulates HSPC
survival under hematopoietic stress by modulating p53 activity
(Liu et al., 2009; Asai et al., 2011, 2012). Our experiments
show that THP-1 cells underwent apoptosis, while the p53-
null HL60 cell line remained blocked in the GO/G1 phase of
the cell cycle. This led us to consider alternative mechanisms
of growth arrest elicited by PCI treatment. Studies show that
canonical WNT signaling is activated by HDACS8 (Tian et al.,
2015; Ferrari et al., 2019). We now show that canonical Wnt
pathway is significantly downregulated both in cell lines and in
zebrafish embryos following HDACS8 inhibition. Downregulation
of canonical Wnt pathway by PCI has been described in a model
of hepatocellular cancer, in which HDACS8 physically interacts
with chromatin modifier EZH2 to repress Wnt antagonists,
activating Wnt pathway. PCI treatment, instead, reduced active
B-catenin and cyclin DI expression in this system. We showed
that PCI downregulates Wnt signaling independently of p53
status; however, it does not kill cells unless p53 is functional
(Tian et al., 2016).

We explored the possibility of performing combination
treatment and combined cytarabine with PCIL The two
compounds synergize in all cell lines treated, including the less-
PClI-sensitive OCI-AMLS5 cells. Although we failed to reduce
the concentration of PCI, in THP-1 cell line the synergy was
observed when combining a dose of cytarabine that alone
elicits no effect. This may indicate that AML patients with
high HDAC8 and functional p53 may particularly benefit from
this combination. Indeed, a recent study reported the efficacy
of HDACS inhibition in combination with FLT3 inhibitor
in suppressing FLT3-ITD"™ AML cells, thus sustaining the
potential of combination treatment employing HDACi and
standard chemotherapy (Long et al., 2020). Phase II and III
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in OCI-AMLS, HL60, and THP-1 cell lines. NKD1 and

PPP2R2B Whnt inhibitors were analyzed by RT-gPCR. Results are presented as mean = SD from three independent experiments. *p < 0.05, Student’s t-test.
(B) WNT pathway modulation by PCI in zebrafish mutant p53"21%K_ bida and cdkn1a apoptotic genes and axin2, nkd1 and pppr2r2b WNT target genes were

analyzed by RT-gPCR. Results are presented as mean + SD from three independent experiments. n.s.: not

significant, *p < 0.05; One sample t-test for apoptotic

genes, one-way ANOVA followed by Tukey post hoc correction for canonical WNT pathway genes. (C) Representative images of canonical Wnt modulation by
hdac8 overexpression and PCl on HSPCs in the CHT of the Wnt reporter line Tg(TOPdGFP). (D,E) Representative images of canonical Wnt modulation by hdac8
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clinical trial results confirm that HDACi act more efficiently
when combined with conventional chemotherapy. However,
more studies are needed to understand the precise mechanism
of action of the combination.

Taken together, our study validates the preclinical potential
of specific inhibition of HDAC8 as a potent therapeutic
approach in AML.
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Supplementary Material

1 Supplementary Methods

1.1 Western blot

Total proteins from zebrafish embryos (at least 30 embryos) were extracted with Laemmli buffer with
the addition of protease inhibitor cocktail (Roche), 2 pul/embryo. Lysates were incubated 3 min at 95°C
and 2 min at 4°C, followed by disaggregation by using insulin syringe. Incubation and disaggregation
were repeated twice and then lysates were centrifuged 10 min at 16.000 g at 4°C. The supernatant was
recovered and extracts were quantified by using the Quantum Micro protein Assay (EuroClone). 40 pg
of proteins were loaded in a 10% acrylamide/polyacrilammide gel and subjected to electrophoresis.
Total proteins from AML cell lines were extracted with Laemmli sample buffer. 20 ul of extracts were
loaded in a 10% acrylamide/polyacrilammide gel and subjected to electrophoresis. Proteins were
transferred onto polyvinylidene fluoride (PVDF) membranes that were incubated with blocking
solution (BS) (5% skimmed powder milk in TBS containing 0.1% TWEEN-20) for 1h at room
temperature before overnight incubation at 4°C with primary antibodies in blocking solution.
Membranes were then incubated 1h at room temperature with HRP-conjugated secondary antibodies
in blocking solution. Protein bands were detected by using WESTAR ECL detection system
(Cyanagen, Bologna, Italy). Images were acquired with the Alliance MINI HD9 AUTO Western Blot
Imaging System (UVItec Limited, Cambridge, UK) and analyzed with the related software. Tubulin or

vinculin were used as internal control. Antibodies are list in Supplementary Table 2.

2 Supplementary Figures and Tables

2.1 Supplementary Figures
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Figure S1: Effects of Hdac8 ectopic expression in zebrafish

RT-qPCR analysis (A) and Western blot analysis (B) of HDACS8 expression in control mRNA-, hdac8
mRNA- and water injected embryos. The results in (A) are presented as mean value + SD from three
independent experiments; *p<0.05, One sample t test. Morphological phenotypes of control mRNA-
(C) and hdac8 mRNA- (D) injected embryos at 48 hpf. (E) Quantification of 3 dpf embryo length, eye
diameter and yolk extension length (N=10). n.s.: non significative, Student’s t test. Morphological
phenotypes of control mRNA- (F) and hdac8 mRNA-(G) injected embryos at 3 dpf of the
Tg(CD41:GFP) transgenic line. Scale bar represents 100 pm. (H) c-Myb, gata2b and pu.1 expression
analysis at 48 hpf by RT-qPCR techniques. Histograms represent mean value + SD from three
independent experiments. *p<0.05, ***p<0.001, One sample t test. (I) Western blot analysis of Runx1
expression at 48 hpf. Histograms represent mean value + SD from two independent experiments.
*p<0.05, One sample t test.
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Figure S2: Effect of PCI treatment in zebrafish

(A, B) Confocal imaging of CHT of (A) DMSO or (B) PCI-treated 7g(CD41:GIFP) zebrafish embryos
at 3 dpf. (C-D) Quantification by FACS of GFPiow-HSPCs of (C) DMSO and (D) PCl-treated
Tg(CD41:GFP) zebrafish embryos at 3 dpf, quantification in (E). The results in (E) are presented as
mean value = SD from four independent experiments; * p<0.05, Student’s t test. (F) RT-qPCR
quantification of the HSCs marker c-myb in DMSO- and PCl-treated zebrafish embryos. Histograms
represent mean value £ SD from four independent experiments; *p<0.05, One sample t test. (G, H)
Confocal imaging of CHT of (A) DMSO or (B) PCI-treated zebrafish embryos at 3 dpf stained with
caspase3 antibody to detect apoptosis. Scale bar in A, B, G, H represents 100 um.
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Figure S3: Assessment of HDACS expression and PCI efficacy in OCI-AMLS, HL-60 and THP1
AML cell lines.

RT-qPCR analysis (A) and Western blot analysis (B) of HDACS8 expression. The results are presented
as mean value + SD from three independent experiments; *p<0.05, **p<0.01, ns: not significant,
ANOVA One-Way followed by Tukey post-hoc correction. (C) Western blot analyses of SMC3
acetylation status in control untreated (NT) and PCI-treated AML cell lines.
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Figure S4: PCI blocks cell cycle progression in AML cell lines

RT-qPCR analyses of CCND! and CMYC gene expression in control untreated (NT) and PCI-treated
OCI-AMLS, HL-60 and THP1 AML cell lines. The results are presented as mean value + SD from
three independent experiments. ns: not significant, *p<0.05, **p<0.01, ***p<0.001; Student’s t test.

PCI-34051

HC
AHC @

Cytarabine

Figure S5: Combination treatment setting
Cells were exposed to the indicated drugs at decreasing concentration for 72h. Dots on the lines indicate

data points used to determine the cytotoxicity effects. HC, highest concentration; LC, lowest
concentration.
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Figure S6: B-catenin activation in zebrafish p53M214K embryos

(A-B) Western blot analyses of B-catenin activation status in control-mRNA, Aidac8- and hdac$-
injected PCl-treated embryos at 3 dpf. Histograms represent mean value I SD from two independent
experiments. *p<0.05, ANOVA One-Way followed by Tukey post-hoc correction.
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Figure S7: Canonical Wnt pathway modulation by HDACS

(A) Representative images of canonical Wnt pathway modulation by hdac8 overexpression, dkklb
injection and PCI treatment on HSPCs in the CHT of the Wnt reporter line 7g(7OPdGI'P). (B)
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Representative images of canonical Wnt pathway modulation by hdac8 overexpression and Wnt
inhibition by PCI on HSPCs in the CHT of the reporter line 7g(CD41:GI'P). Scale bar represents 100

pm.

2.2 Supplementary tables

Supplementary Table 1

Primer list
Primers human Sequence 5°- 3’
CCNDI FW GAAGATCGTCGCCACCTG
CCNDI REV GACCTCCTCCTCGCACTTCT
CMYC FW CACCAGCAGCGACTCTGA
CMYC REV GATCCAGACTCTGACCTTTTGC
GAPDHFW CAACGACCACTTTGTCAAGC
GAPDH REV CTGTGAGGAGGGGAGATTCA
NKDI FW TCGCCGGGATAGAAAACTACA
NKDI REV CAGTTCTGACTTCTGGGCCAC
PPP2R2B FW CCTCATTCCGGCCAGGCTC
PPP2R2B REV ATCCATGATCCCTCCCCGCA
Primers zebrafish Sequence 5°- 3’
axin2 FW GGCCACTGTAGTGGGTCTGT
axin2 REV ATTAGGATTTCCGGGGTCAC
p-actin FW CCGTGACATCAAGGAGAAG
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p-actin REV ATACCGCAAGATTCCATACC
baxa FW CAACTGGGGAAGAGTTGTGG
baxa REV ACCCTGGTTGAAATAGCCTTG
bbc3 FW CCCACATCCCCTCACATGAT
bbc3 REV TCTGTTCCTGAATTGTCCCTG
bida FW CAGCGACCTACAGAGACCTT
bida REV GCCTCTTCTGCATTGACTGA
cdknla FW CCTGAGGAGATCTGAAACCC
cdknla REV TGTGACAATATGTTTTGAGCTTCT
cmyb FW GACACAAAGCTGCCCAGTTG
cmyb REV GCTCTTCCGTCTTCCCACAA
gadd45ba FW TGCATCCTCGTCACTAACTCT
gadd45ba REV CAACGGCTCTCCTCACAGTA
gata2b FW TCTGCTCGGAAACATGACGA
gata2b REV ATTTACACATTCACGTCCCGAG
nkdl FW ACACATCCCGCTTTGGAACA
nkdl REV AACGGETGGCGIGGGTAGGT
ppp2r2b FW GTCTTCCAGAGAGAGCAGGAG
ppp2r2b REV GCTCGTGGGTCTGGAAGGTCCT
spilb FW GCCATTTCATGGACCCAGG




spilb REV

ACACCGATGTCCGGGGCAA

rpl8 FW

CTCCGTCTTCAAAGCCCATGT

rpl8 REV

TCCTTCACGATCCCCTTGATG

Supplementary Table 2

Antibodies for western blot analyses

Primary antibody and Dilution Company
catalogue number
anti-total-SMC3 (rabbit) 1:500 Sigma Aldrich, St. Louis, Missouri, US
SAB2701720
anti-acetyl-SMC3 (mouse) 1:500 Merck-Millipore, Burlington, Massachusetts, US
MABE1073
anti-HDACS (rabbit) 1:500 Santa Cruz Biotechnology, Dallas, Texas, US
sc-11405
anti-active -catenin 1:500 Merck-Millipore
(mouse), clone 8E7
05-665
anti-total B-catenin (rabbit) 1:1000 | Cell Signaling Technology, Danvers, Massachusetts, US
8480
anti-vinculin (mouse) 1:6000 Sigma-Aldrich
V9131
anti-tubulin (mouse) 1:2500 | Merck-Millipore
T9026
Anti-RUNXI1 (rabbit) 1:1000 | Boster Biological Technology, Pleasanton, California,
PB9157 us
Secondary antibody Dilution Company
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HRP-conjugated goat anti- 1:5000 | Cell Signaling Technology
rabbit

7074

HRP-conjugated horse anti- 1:4000 | Cell Signaling Technology

mouse
7076
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4. RESULTS: SUBMITTED PAPERS

4.1 Targeting HDACS to ameliorate skeletal muscle differentiation in

Duchenne muscular dystrophy

HDAC inhibitors (HDACI) are currently under study as a possible therapeutic approach for
Duchenne muscular dystrophy (DMD) and pan-HDACI Givinostat is currently under phase 11
clinical trial. However, HDACI use is still hampered by several side effects associated with them.
As we observed HDACS involvement in skeletal muscle development, in this work we sought to
investigate its possible involvement in DMD and its inhibition as a possible therapeutic approach.

Also, we performed acetylome profiling to identify new HDACS substrates.

69



AUTHORS

Spreafico Marco®”, Cafora Marco 1", Bragato Cinzia?®*, Capitanio Daniele *°, Marasca Federica®,
Bodega Beatrice 6, Mora Marina ®, Gelfi Cecilia*®°, Marozzi Anna'”, Pistocchi Anna'”
AFFILIATIONS

! Dipartimento di Biotecnologie Mediche e Medicina Traslazionale, Universita degli Studi di
Milano, Italy.

2 PhD program in Neuroscience, Universita degli studi di Milano-Bicocca, Monza, Italy

% Fondazione IRCCS Istituto Neurologico C. Besta, Milano, Italy.

4 Dipartimento di Scienze Biomediche per la Salute, Universita degli Studi di Milano, Italy

® IRCCS Istituto ortopedico Galeazzi, Milano, Italy

6 Istituto Nazionale di Genetica Molecolare "Romeo ed Enrica Invernizzi" (INGM), Milan, ltaly.

“These authors equally contributed to the work

ABSTRACT

Duchenne muscular dystrophy (DMD) causes progressive skeletal muscle degeneration and
currently lacks an effective therapeutic treatment. Histone deacetylases (HDACS) play key roles
in myogenesis and the therapeutic approach targeting HDACs in DMD is presently used although
limited by adverse reactions. The unique structure of HDACS allows the development of highly
specific inhibitors that might increase the effectiveness and reduce the side effect of pan-HDACs
inhibitors. Here, we showed that the expression of HDAC8 was increased in DMD patients and
zebrafish, and that the treatment with the HDACS inhibitor PCI-34051 rescued skeletal muscle
defects in both human DMD myoblasts and zebrafish embryos. Through acetylation profile of
zebrafish with HDACS dysregulation, we identified new HDACS targets involved in cytoskeleton
organization such as tubulin that, when acetylated, is a marker of stable microtubules. Together,
our results demonstrated that the specific HDACS inhibition is efficient in the rescue of damaged
skeletal muscle both in vitro and in vivo. Since HDACS inhibitors are currently under study for

cancer treatment, they might be rapidly introduced for the treatment of DMD patients.

70



INTRODUCTION

Duchenne muscular dystrophy (DMD) is a severe X linked disorder generated by mutations in the
DMD gene, encoding for dystrophin, [1] that causes rapid degeneration of heart and skeletal
muscle, eventually leading to respiratory or hearth failure and consequent death [2]. In the last
years, advancement in medical management and therapies have improved quality and life
expectancy of DMD patients who can now live to experience their 40th birthday and beyond [3].
However, a cure is still not available and the standard of care for DMD patients is represented by
corticosteroids treatment, which efficiently delays the progression of the pathology but shows
differences in responsiveness among patients and causes several side effects such as weight gain,
osteoporosis and Cushingoid appearance [4]. Therefore, there is a compelling need to find more
efficacious and safer therapies.

Histone deacetylases (HDACs) are a large family of enzymes involved in several cellular
processes, as they are responsible for the removal of acetyl moieties from lysines on both histone
and non-histone proteins. Studies have revealed a crucial role for HDACs in the epigenetic
regulation of myogenesis [5] and their inhibition has been proven to favour myoblasts fusion and
myogenic differentiation [6,7]. These findings led to an increasing interest in using HDAC
inhibitors (HDACI) for the treatment of skeletal muscle disorders, including DMD. Pan-HDACI
have already been demonstrated to display effectiveness in the treatment of dystrophies in vivo [8—
10] and Givinostat is currently in Phase Il clinical trial. In comparison to other HDACI, which
use is still hampered due to their side effects [11], phase Il clinical trial (NCT01761292)
demonstrated that Givinostat is well tolerated by DMD patients, presenting mild adverse events.
Nevertheless, the use of more specific HDACI instead of pan-HDACI may improve current
therapeutic strategy. For instance, HDACS8 possesses a unique structure among HDACS, as the C-
terminal (aa 50-111) protein-binding domain is not present and the L1 loop in the proximity of
the active site is particularly flexible and capable to accommodate different substrates trough

conformational changes [12]. This distinctive structure allowed the development of high specific
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HDACS inhibitors (such as the PCI-34051 and meta-sulfamoyl N-hydroxybenzamides) [13,14],
which are already being studied as a therapeutic approach for a broad range of human diseases,
such as acute myeloid leukemia (AML) [15], breast cancer [16], malignant peripheral nerve sheath
tumour (MPNST) [17], T-cell lymphoma [13] and nonalcoholic fatty liver disease (NAFLD)
associated hepatocellular carcinoma (HCC) [18].

HDACS involvement in muscle tissues dynamics has already been reported in smooth muscle
tissue, as it binds to smooth muscle a-actin (a-SMA) and regulates contraction through acetylation
of cortactin [19,20]. Moreover, we recently demonstrated that HDACS is also involved in the
development of skeletal muscle both in vitro and in vivo, suggesting that HDAC8 modulation
might be a possible pharmacological approach in the treatment of skeletal muscle diseases [21]. In
this work we sought to investigate the potential of HDACS inhibition by PCI-34051 as a treatment
for DMD both in vitro, in myotubes cultures from DMD patients, and in vivo, in a zebrafish DMD
model. In both models we observed a higher expression of HDAC8 compared to controls and we
demonstrated that the PCI-34051-mediated HDACS inhibition rescued the DMD phenotype.
Moreover, through comparison of acetylome profiles of zebrafish embryos with normal or
pharmacological inhibited HDACS activity, we identified new HDACS targets involved in skeletal
muscle dynamics, such as tubulins and skeletal muscle actin-ol. We also demonstrated that
HDACS inhibition increased a-tubulin acetylation levels in dystrophic zebrafish and rescued
cytoskeleton organization in myotubes derived from DMD patients.

Our results suggest that HDACS specific inhibition could represent a promising approach for the

treatment of DMD patients.

MATERIALS AND METHODS
Zebrafish embryo maintenance
Zebrafish (Danio rerio) AB strains were maintained under standard conditions at the zebrafish fish

facility of the University of Milan, Via Celoria 26 - 20133 Milan, Italy (Aut. Prot, n. 295/2012-A
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- 20/12/2012). Zebrafish embryos were raised and maintained according to international (EU
Directive 2010/63/EU) and national guidelines (Italian decree No 26 of the 4th of March 2014).
Embryos were collected by natural spawning, staged according to Kimmel and colleagues [22]
and raised at 28°C in fish water (Instant Ocean, 0.1% Methylene Blue) in Petri dishes, according
to established techniques. We express the embryonic ages in hours post fertilization (hpf) and days
post fertilization (dpf). After 24 hpf, to prevent pigmentation, 0.003% 1-phenyl-2-thiourea (PTU,
Sigma-Aldrich, St. Louis, Missouri, US) was added to the fish water. Embryos were washed,
dechorionated and anaesthetized with 0.016% tricaine (Ethyl 3-aminobenzoate methanesulfonate

salt, Sigma-Aldrich) before proceeding with experimental protocols.

Microinjections and HDACI treatment

Morpholino (MO, GeneTools LLC, Oregon, USA) and zebrafish hdac8 full-length mRNA
injections were carried out on 1- to 2-cells stage embryos. dmd-MOs were used as described in
[23]: dmd-MO1 5>-TTGAGTCCTTTAATCCTACAATTTT-3’; dmd-MO6 5-
GCCATGACATAAGATCCAAGCCAAC-3’. MOs were co-injected at the concentration of 0.6
(dmd-MO1) and 1 (dmd-MO6) pmol/embryo, as described by [10], in 1X Danieau buffer (pH =
7.6). A standard control morpholino (ctrl-MO) was injected in parallel. Zebrafish hdac8 full-length
MRNA was injected at the concentration of 500 pg/embryo.

For PCI-34051 (PCI) and Givinostat (Sigma-Aldrich) treatment, 24 hpf embryos were put in 24-
wells plate, 15 embryos/well, and PCI or Givinostat was added to fish water at the concentration
of 37.5 uM. After 24 hours, fish water was changed, fresh PCI or Givinostat was added at the
concentration of 12.5 uM and embryos were raised until they reached the 72 hpf stage. Embryos
were kept at 28°C in the dark for the whole duration of the treatment. Equal concentrations of

DMSO were used as a control.

Cell culture
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Patient specimens were collected from the Muscle Cell Biobank present at the Foundation IRCCS
Neurological Institute Carlo Besta. Written, informed consent was obtained from the subjects or
their parents/legal guardians. Control muscle cell cultures derived from healthy patients but who
had normal muscle on biopsies and no DMD mutations. Primary myoblasts were developed
directly from biopsied material by culturing in Dulbecco's modified Eagle’s medium (DMEM;
Lonza Group Ltd, Basel, Switzerland) containing 20% heat-inactivated calf bovine serum (CBS)
(Gibco Life Technologies), 1% penicillin-streptomycin (Lonza), L-glutamine (Lonza), 10 ug/ml
insulin (Sigma Aldrich, St. Louis, MO), 2.5 ng/ml basic fibroblast growth factor (bFGF) (Gibco
Life Technologies), and 10 ng/ml epidermal growth factor (EGF) (Gibco). The medium was
changed twice weekly and the cultures examined by inverted-phase microscopy. At 70%
confluence they were dissociated enzymatically with trypsin-EDTA (Sigma) and seeded for
immediate propagation. In order to obtain myotubes, the myoblasts were seeded into 35 mm dishes
in DMEM proliferating medium. At 70% confluence, proliferating medium was changed to
differentiating medium (DMEM, 1% penicillin-streptomycin, L-glutamine and insulin, without
FCS or growth factors) and the myoblasts were allowed to differentiate into myotubes up to 10

days [24].

PCI treatment

DMD- and control-derived myotubes were treated with 10 uM PCI or DMSO, the latter used as
negative control. Treatment with both, PCl and DMSO, was made after inducing differentiation,
starting from the day two (MT2 stage). Every 48 hours, fresh PCI or DMSO was added to the

culture medium until the cells reached the day ten (MT10 stage).

Immunofluorescence and fusion index
Cells were seeded at 25,000 cells/cm?, in triplicate wells for fusion index determination. Once the

myoblast reached 90% confluence, they were treated with differentiation medium. Cells were fixed
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with 4% paraformaldehyde, stained with Alexa-Fluor 488 phalloidin (1:10; Life Technologies) for
40 minutes, and DAPI (1:10000; Life Technologies) for 10 minutes.

Fusion index is defined as the number of nuclei in myotubes expressing myosin heavy chain
divided by the total number of nuclei in a field, and was used to assess myoblast differentiation
efficacy.

Primitive myotubes with 3—4 myonuclei and mature myotubes with >5 myonuclei were quantified.
For the fusion index of treated and not treated myotubes, 3 biological replicates were performed.
Myonuclei were counted on images taken at 40X under a Zeiss Axioplan2 microscope, by the use

of Microscope Software AxioVision Release 4.8.2 (Zeiss, Oberkochen, Germany).

Confocal microscopy and Fiji analyses

Control and DMD myotubes, treated or not with PCI, were investigated after performing the
Alexa-Fluor 488 phalloidin staining. The microtubule structure around the multinucleated portion
was examined on images taken at 63X under a Leica SP8 microscope (Leica). The maximum
average width of segment presenting >5 myonuclei was measured by NIH Fiji software in 3

biological replicates.

Reverse transcription and real-time quantitative PCR

Total RNA was extracted from cells or tails of zebrafish embryos at 3 dpf by using NucleoZOL
reagent (Macherey-Nagel, Diiren, Germany), according to the manufacturer’s instructions.
Concentration and purity of RNA were measured using the Nanodrop spectrophotometer
(ThermoFisher Scientific, Waltham, Massachusetts, US). DNase reaction was performed on 1 pg
of RNA using RQ1 RNase-free DNase (Promega, Madison, Wisconsin, USA) and then cDNA was
synthetized with the GoScript Reverse Transcription Kit (Promega), according to the
manufacturer’s instructions. qPCR analyses were performed with the GoTag gPCR Master Mix

(Promega) on the BioRad iQ5 Real Time Detection System (Biorad, Hercules, California, US).
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The calculation of gene expression was based on the AACt method. GAPDH and rpl8 were used
as the internal control in gqPCR on human cells and zebrafish cDNAs, respectively. Primer

sequences are list in Supplementary Table 1.

Western blot

Total proteins from human cells were extracted in lysis buffer (7M urea, 2M thiourea, 4% CHAPS,
30mM Tris, ImM PMSF) with the addition of protease inhibitor cocktail (Roche). Lysates were
sonicated at 20 Hz, kept on ice for 15 min and then centrifuged 15 min at 16.000 g at 4°C. The
supernatant was recovered and quantified by using the 2-D Quant Kit (GE Healthcare, Life
Sciences). Total proteins were extracted with Laemmli buffer from at least 40 zebrafish embryo
tails at 3 dpf, with the addition of protease inhibitor cocktail (Roche), 1ul/tail. Lysates were
incubated 3 min at 95°C and 2 min at 4°C, followed by disaggregation by using insulin syringe.
Incubation and disaggregation were repeated twice and then lysates were centrifuged 10 min at
16.000 g at 4°C. The supernatant was recovered and extracts were quantified by using the Quantum
Micro protein Assay (EuroClone). 40 pg of proteins were loaded in a 10%
acrylamide/polyacrilammide gel and subjected to electrophoresis. Proteins were transferred onto
polyvinylidene fluoride (PVDF) membranes that were incubated with blocking solution (5%
skimmed powder milk in TBS containing 0.1% TWEEN-20) for 1h at room temperature before
overnight incubation at 4°C with primary antibodies diluted in blocking solution. Membranes were
then incubated 1h at room temperature with HRP-conjugated secondary antibodies diluted in
blocking solution. Protein bands were detected by using WESTAR ECL detection system
(Cyanagen, Bologna, Italy). Images were acquired with the Alliance MINI HD9 AUTO Western
Blot Imaging System (UVItec Limited, Cambridge, UK) and analysed with the related software.
Vinculin was used as the internal control in determining HDACS levels. Primary antibodies were
rabbit anti-HDACS (1:500, Santa Cruz Biotechnology, Dallas, Texas, US), rabbit anti-total tubulin

(1:1000, Cell Signaling), mouse anti-acetylated tubulin (1:1000, Merck), and mouse anti-vinculin
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(1:6000, Sigma Aldrich). Secondary antibodies were HRP-conjugated goat anti-rabbit (1:5000,
Cell Signalling Technologies, Danvers, Massachusetts, US) and HRP-conjugated horse anti-

mouse (1:4000, Cell Signalling Technologies).

Acetylome analysis

Total protein from at least 100 zebrafish embryos tails at 3 dpf were extracted in lysis buffer (7M
urea, 2M thiourea, 4% CHAPS, 30mM Tris, ImM PMSF) with the addition of protease inhibitor
cocktail (Roche) and 20 mM deacetylation inhibition cocktail (Santa Cruz Biotechnology), 1
pl/tail. Lysates were sonicated at 20 Hz and centrifuged 15 min at 16.000 g at 4°C. The supernatant
was recovered and quantified by using the 2-D Quant Kit (GE Healthcare).

2-D immunoblotting was carried out by subjecting each sample (120 ug) to isoelectrofocusing in
triplicate on 13 cm, 3-10 pH-gradient IPG strips (GE Healthcare), with a voltage gradient ranging
from 200 to 8000 V, for a total of 55000 Vh, using an IPGphor electrophoresis unit (GE
Healthcare). After focusing, proteins were reduced and alkylated. The second dimension was
carried out in 14x15 cm2, 12% polyacrylamide gels at 20 °C. After transfer, PVDF membranes
were stained with SYPRO Ruby Protein Blot Stain (ThermoFisher Scientific) for total protein
content quantitation, then blots were incubated with a 1:1 mixture of rabbit anti-Acetylated-Lysine
(Ac-K2-100) 1:1000 (Cell Signaling Technology, #9814) and anti-Acetylated-Lysine 1:1000 (Cell
Signaling Technology, #9441) primary antibodies. After washing, membranes were incubated
with anti-rabbit HRP-conjugated (GE Healthcare) secondary antibody (1:10000). Signals were
visualized by chemiluminescence using the ECL Prime (GE Healthcare) detection kit and the
Image Quant LAS 4000 (GE Healthcare) analysis system. Spot quantification was performed using
the Image Quant TL (Molecular Dynamics) software. Acetylated spot intensity was normalised
against the corresponding spot in the total stain image and the ratio of PCI sample intensities over
controls was calculated. Only spots with intensity ratios above 1 showed increased acetylation

levels.
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To identify proteins, three 18 cm, 3—10 pH-gradient IPG strips were loaded with 200 pg protein
extract per strip; electrophoretic conditions were the same as 2-D immunoblotting. Semi-
preparative gels were stained with a total-protein fluorescent stain (Krypton, ThermoFisher
Scientific). Image acquisition was performed using a Typhoon 9200 laser scanner. Spots of interest
were excised from gel using the Ettan spot picker robotic system (GE Healthcare), destained in
50% methanol/50 mM ammonium bicarbonate (AMBIC) and incubated with 30 pl of 6 ng/ml
trypsin (Promega) dissolved in 10 mM AMBIC for 16 hours at 37 °C. Released peptides were
subjected to reverse phase chromatography (Zip-Tip C18 micro, Millipore), eluted with 50%
acetonitrile/0,1% trifluoroacetic acid. Peptides mixture (1 pl) was diluted in an equal volume of
10 mg/ml a-cyano-4-hydroxycinnamic acid matrix dissolved in 70% acetonitrile/30% citric acid
and processed on a Ultraflex 111 MALDI-ToF/ToF (Bruker Daltonics) mass spectrometer. Mass
spectrometry was performed at an accelerating voltage of 20 kV and spectra were externally
calibrated using Peptide Mix calibration mixture (Bruker Daltonics); 1000 laser shots were taken
per spectrum. Spectra were processed by FlexAnalysis software v. 3.0 (Bruker Daltonics) setting
the signal to noise threshold value to 6 and search was carried out by correlation of uninterpreted
spectra to Danio rerio entries in NCBIprot database. The significance threshold was set at a p-
value < 0.05. No mass and pl constraints were applied and trypsin was set as enzyme. One missed
cleavage per peptide was allowed and carbamidomethylation was set as fixed modification while
methionine oxidation as variable modification. Mass tolerance was set at 30 ppm for MS spectra.
To confirm protein identification, an MS/MS spectrum was collected by Ultraflex 11l MALDI-
ToF/ToF (Bruker Daltonics) mass spectrometer, as acceptance criterium. Spectra were searched
against the database using BioTools v. 3.2 (Bruker Daltonics) interfaced to the on-line MASCOT
software, which utilizes a robust probabilistic scoring algorithm. The significance threshold was
set at a p-value < 0.05. One missed cleavage per peptide was allowed and carbamidomethylation
was set as fixed modification while methionine oxidation as variable modification. Mass tolerance

was set at 30 ppm and 0.5 Da for peptide and MS/MS fragment ion respectively.
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Muscle lesions imaging

Muscle lesions in zebrafish embryos were assessed by birefringence as described by [25]. Images
of embryos and sections were acquired using a microscope equipped with a digital camera with
LAS Leica Imaging software (Leica, Wetzlar, Germany). Images were processed using Adobe

Photoshop software.

Statistical analysis

Each experiment was performed at least three times. Histograms represent the mean value and bars
indicate standard deviation. Statistical significance was determined by Student’s t test when
comparing two groups and by One-way ANOVA followed by Tukey post-hoc correction when

comparing more than two groups. Data were considered significant if p<0.05.

RESULTS

HDACS expression is increased in DMD and its inhibition ameliorates DMD phenotype
Inhibition of HDACSs has been proven to be efficient in the treatment of DMD [8-10]. However,
the use of more specific HDACi could offer new possibilities in DMD treatment. As HDACS8
presents a peculiar structure that allows the development of more specific and selective inhibitors
compared to the other HDACS, we investigated its expression in the context of DMD. We assessed
HDACS8 expression in myoblasts and myotubes from DMD patients and controls. HDACS8
expression was evaluated by means of RT-gPCR at different stages of differentiation:
undifferentiated myoblasts (MB) and myotubes at 2 days (MT2) and 7 days (MT7) of
differentiation. The analysis revealed a significantly higher expression of HDACS8 during the
differentiation of DMD-myoblast cells compared to those of controls at all the developmental
stages considered (Figure 1A). Then, to evaluate whether HDACS inhibition could rescue the

DMD phenotype, we assessed the efficiency of the highly-specific HDACS inhibitor PCI-34051
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[13]. We treated DMD myotubes with 10 uM PCI from the second day after differentiation
induction (MT2), until the day ten (MT10). To evaluate the degree of cell differentiation, we
performed immunofluorescence experiments assessing both the expression of myosins and the
fusion index of the cultured myotubes. Cell morphology was determined by phalloidin staining
(green) whereas anti-myosin antibody (red) and DAPI (blue) were used to visualise sarcomeric
myosin and nuclei, respectively. Immunofluorescence analysis revealed an increase of myosin
content in DMD patients-derived myotubes following PCI treatment, compared to DMSO-treated
cells (Figure 1B). As a further evidence of enhanced myogenic differentiation of cells, DMD
myotubes from all three patients showed a significant increase (p<0.05 in patients 1 and 3, p<0.01
in patient 2) of the fusion index following PCI treatment (Figure 1C). These results were also
confirmed by quantification of myosin expression in myotubes by RT-qPCR analysis. Expression
levels of myosins were significantly lower (p<0.001) in untreated DMD myotubes in comparison
to myotubes derived from controls and were recovered, although not completely, following PCI
treatment (p<0.01) (Figure 1D).

In parallel, we also investigated Hdac8 expression in vivo, in a zebrafish DMD model. Zebrafish
embryos were co-injected with two dmd-MOs as previously described [10] and Hdac8 levels were
assessed at the stage of 48 hpf by RT-gPCR and at 72 hpf by Western blot analyses. We observed
an increase of both Hdac8 mRNA (Figure 1E) and protein levels (Figure 1F) in dmd-MO injected
embryos, compared to control embryos. To evaluate the efficiency of HDACS inhibition in vivo,
we treated dmd-MO injected zebrafish embryos with PCI from the stage of 24 hpf, when the first
myogenic wave is already completed [26], and assessed the extent of muscles lesions by
birefringence at the stage of 3 dpf [25]. The lesions presented by untreated dmd-MO injected
embryos were partially rescued by PCI treatment. Interestingly, the extent of the rescue was
comparable to muscle lesions recovery observed in zebrafish embryos treated with pan-HDACI
Givinostat, currently in phase Il clinical trial for DMD treatment (Figure 1G). To further support

this result, we quantified expression levels of mylz2 (fast fiber myosin) by RT-gPCR and we
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observed a rescue of mylz2 mRNA in dmd-MO injected embryos following PCI treatment. This
rescue was comparable to the one determined by Givinostat treatment (Figure 1H).

Taken together, these results confirm an upregulation of HDACS8 expression in the DMD
phenotype, thus supporting the hypothesis of its involvement in the pathology, and suggest that

PCl-mediated HDACS inhibition represents a valuable approach in treating DMD phenotype.
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Figure 1. (A) RT-gPCR analysis of HDACS8 expression in DMD patients- and controls-derived
myoblasts (MB) and myotubes at 2 (MT2) and 7 days (MT7) of differentiation. (B) Myosins (red),
DAPI (blue) and phalloidin (green) staining of DMD-derived myotubes untreated or treated with
PCI. Scale bar = 20 um. (C) Fusion index of three DMD-derived myotubes untreated or treated
with PCI. (D) RT-gPCR analysis of myosin expression in myotubes from controls, DMD and
DMD+PCI patients. (E) RT-gPCR analysis of hdac8 expression in dmd-MO and control zebrafish
embryos. (F) Western blot analysis of Hdac8 expression in dmd-MO and control zebrafish
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embryos. (G) Skeletal muscle lesions imaging by birefringence in control, dmd-MO, dmd-MO
injected and PCI- or Givinostat-treated zebrafish embryos at 72 hpf. Scale bar = 100 um. (H) RT-
gPCR quantification of fast-myosin mylz2 expression in control, dmd-MO injected and dmd-MO
injected DMSO-, PCI- or Givinostat-treated zebrafish embryos. * p<0.05, ** p<0.01, ***p<0.001.
HDACS targets proteins involved with cytoskeleton organization and skeletal muscle
dynamic

To gain more insight into how HDACS is involved in skeletal muscle differentiation and function,
we compared global acetylation changes in control and PCI treated zebrafish embryos. In order to
enrich skeletal muscle tissue proteins, the analysis was performed only with tails of zebrafish
embryos at 3 dpf. We performed 2D-electrophoresis and then membranes were incubated with an
anti-acetylated lysins antibody cocktail to visualize acetylated proteins (Figure 2A). Next,
differentially acetylated peptides were identified by mass spectrometry (MS). Several cytoskeleton
proteins differently acetylated in PCl-treated embryos, in comparison to untreated, were identified:
four proteoforms of Krt4 protein (krt4, AAH66728.1); Type I cytokeratin enveloping layer (cytl,
AAH65653.1); Tubulin o chain (tuba2, AAH60904.1); Tubulin B chain (tubb4b, AAQ97859.1);

Actin al skeletal muscle (actclb, AAH45406.1); Vitellogenin 5 (vtg5, AAW56969.1); Vigl

protein (vtgl, AAH94995.1) (Figure 2B).
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Figure 2. HDACS targets identification. (A) 2D-immunoblotting representative close-ups of
acetylated protein extracted from the tails of control and PCl-treated zebrafish embryos at 3 dpf.
(B) Histograms showing increasing acetylation levels of identified proteins in PCl-treated embryos
compared to control.
HDACS inhibition impacts on microtubule architecture in DMD
Our acetylome analysis identified tubulin as HDACS target. Since it has been reported that
microtubule organization is severely impaired in DMD [27], we decided to deepen HDACS8

correlation with microtubule structure. First, to confirm that HDACS8 overexpression can modify

a-tubulin acetylation status, we decided to analyse acetylome profile also in hdac8 overexpressing
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embryos. To analyse whether increased HDAC8 overexpression could modify the acetylation
status of zebrafish proteins even in absence of the DMD phenotype, we injected embryos with full-
length zebrafish hdac8 mRNA (500 pg/embryo) and acetylome profile was assessed by 2-D
electrophoresis. Comparison with 2-D electrophoresis from hdac8 mRNA, control and PClI-treated
embryos confirmed differential acetylation of two of the previously identified HDACS acetylation
targets, tubulin-a.2 and krt4 protein (Figure 3A).

We next assessed a-tubulin acetylation levels in dmd-MO injected embryos. By Western blot
analysis we observed a reduction of acetylated-tubulin in dmd-MO injected embryos, compared to
controls while PCI treatment partially rescued a-tubulin acetylation status (Figure 3B). The
acetylation levels of krt4 cannot be assessed due to the lack of an antibody for the acetylated form
of this protein.

The evidence of a-tubulin acetylation regulation by HDAC8 prompted us to investigate whether
HDACS inhibition could have an effect on cytoskeleton. To this aim, we decided to evaluate
microtubules architecture in myoblasts from DMD human patients and in those treated with PCI.
Phalloidin staining [28] revealed a significant increase in maximum average width in DMD
myotubes, compared to controls (DMD myotubes: 32.21 + 1.370, vs Ctrl myotubes: 13.06 +
0.6937, p < 0.0001), and to DMD myotubes treated with PCl (DMD myotubes: 32.21 + 1.370, vs
DMD myotubes treated with PCI: 18.06 + 1.983, p < 0.0001). The HDACS inhibition rescued the
cytoskeleton organization of DMD myotubes although not fully recovering the maximum average
width of controls (DMD myotubes treated with PCI: 18.06 + 1.983, vs Ctrl myotubes: 13.06 +

0.6937, p=0.0223) (Figure 3C-D).
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Figure 3. HDACS and cytoskeleton architecture. (A) 2D-immunoblotting of protein extracted
from the tails of hdac8-injected, control, and PCI-treated zebrafish embryos at 3 dpf. (B) Western
blot analysis of a-tubulin acetylation in control, dmd-MO and dmd-MO/PCl-treated zebrafish
embryos at 3 dpf. (C) Ilustrative images taken at 63X of human control and DMD myotubes,
treated or not treated with PCI. Scale bar = 30 um. (D) Graph reporting the maximum average
width measures *p<0.05, ***p<0.001, n.s. = not significant.

85



DISCUSSION

Pharmacological treatment of muscular dystrophies is rapidly obtaining interest as an immediate
and more efficient approach than gene and cell therapy-based strategies, which are still hindered
by several hurdles [29]. In particular, HDACIi are a class of drugs which have been shown to
display a very promising efficiency in the treatment of DMD phenotype. However, pan-HDACiI
treatment is associated with several side effects, ranging from nausea and thrombocytopenia to
more severe events, such as cardiac and metabolic disfunctions [11]. Indeed, pan-HDACIi
Givinostat was demonstrated to be safer and better tolerated by DMD patients, in comparison to
other pan-HDACI, thus receiving approval for phase IlI clinical trial. Nevertheless, the use of
isoform-specific HDACI could offer an alternative therapeutical strategy for DMD treatment. Such
an approach would require an extensive knowledge of the role of individual HDAC isoforms in
skeletal muscle and their possible implication in DMD progression. By using both in vitro (human
myotubes) and in vivo (zebrafish embryos) DMD models, we demonstrated a possible involvement
of HDACS in DMD pathogenesis. First, we highlighted an increased HDACS8 expression in DMD
patient-derived myotubes and dmd-MO injected zebrafish embryos. To our knowledge, this is the
first evidence of HDACS8 overexpression in DMD, both in human and in the zebrafish model. In
this regard, a previous study indicated a higher activity of class I HDACs in muscles from
dystrophin-deficient Mdx mice, but only HDAC2 was found to be more expressed compared to
wild-type mice [9]. This discrepancy might be due to the differences between mouse and humans.
Indeed, Mdx mouse is known to develop a milder DMD phenotype, compared to human and
zebrafish DMD models [30].

Studies have revealed that HDACS possess a peculiar structure [12], which allows development
of high specific inhibitors. Such a possibility makes HDACS specific inhibition a new potential
therapeutic approach for DMD. To test this hypothesis, we assessed the effect of HDACS blocking
by using the highly specific HDACS8-inhibitor PCI-34051 [13]. Following PCI treatment, we

observed a rescue of DMD phenotype, in terms of increased fusion index in human myoblasts and
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reduced lesion extent in zebrafish embryos. Also, in both DMD models PCI treatment rescued
myosin expression to a level comparable to wild-type controls. These results are in accordance
with previous works demonstrating that HDACi ameliorate the phenotype of DMD models by
restoring morphology and promoting regeneration of skeletal muscle tissue [8-10,31]. Noticeably,
PCI efficiency in vivo was comparable to the rescue determined by Givinostat treatment in dmd-
MO injected embryos. This is of great interest, as it indicates that inhibition of a single HDAC
isoform might be per se sufficient to determine an amelioration of DMD phenotype, thereby
sustaining the use of highly specific HDACI as an alternative to pan-HDACI. Indeed, in addition
to efficacy, safety of HDACS specific inhibitors requires evaluation as well and future studies will
have to be addressed to this aim.

Molecular mechanisms underlying HDACS inhibition efficacy could be multiple. We have
recently described a mainly nuclear localization of HDACS in human skeletal muscle [21], which
could imply an active role in transcription modulation. Indeed, by deacetylation of SMC3, HDACS8
is known to modulate recycling of the cohesin complex [32], which has been recently proven to
regulate chromatin accessibility at the Myogenin locus [33]. Moreover, several studies
demonstrated that HDACs inhibition enhances the expression and the activity of factors promoting
skeletal muscle differentiation, myogenesis and regeneration, such as MyoD and follistatin
[6,7,34,35]. Moreover, by acetylome profiling we identified cytoskeleton proteins as HDACS8
targets such as tubulin-a2 and 2. This result is supported by a recent work, in which Vanaja and
colleagues demonstrated that HDACS deacetylates a-tubulin in different cervical cancer cell lines,
with a predominant role in HelLa cells [36]. Alterations of microtubules have been reported in
dystrophic mice [27] as a consequence of loss of dystrophin [37], and their destabilization has been
shown to contribute to DMD progression by multiple mechanisms [38,39]. Interestingly, tubulin
acetylation is considered a marker of stable microtubules, although it is still debated whether it
contributes to or is a consequence of microtubule stabilization [40]. Thus, the regulation of

microtubule dynamics by modulating tubulin acetylation could represent an interesting approach
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to DMD treatment. Moreover, previous studies indicated that a-tubulin acetylation is increased at
a late stage of myogenesis, thus suggesting this modification to be a crucial event during terminal
differentiation of skeletal muscle cells [41,42]. Notably, tubulin post-translational modifications
have already been demonstrated to influence skeletal muscle development, as inhibition of tubulin
detyrosination affects myoblasts differentiation and myotubes fusion [43]. Whether tubulin
acetylation can affect muscle cell differentiation is not known but the possibility of promoting both
renewal and stabilization of myofibers by inhibiting a single HDAC isoform would be very
fascinating.

As a further evidence of HDACS involvement in cytoskeleton function, we identified al skeletal
muscle actin as a HDACS target by proteomic analyses in zebrafish embryos. Although co-
Immunoprecipitation experiments already reported HDACS and actin to directly interact in smooth
muscle tissue [19], our results are the first evidence of skeletal muscle actin deacetylation by
HDACS. Interestingly, Li and colleagues [20] demonstrated that HDACS activity on cortactin in
smooth muscle tissue is crucial in contraction modulation. The precise effect of actin
acetylation/deacetylation is not known, but our results open the interesting possibility that HDACS8
might play a role in contraction modulation, opening new perspectives toward pharmacological
approach for DMD patients. Although studies to unveil the precise mechanism of HDACS action
in the skeletal muscle and in DMD pathogenesis and progression are needed, our work provides
the first evidence of HDACS8 overexpression in DMD patients and zebrafish and support its

specific inhibition as a new valuable therapeutic approach in the treatment of this pathology.
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SUPPLEMENTARY TABLE 1

Primers human

Sequence 5’- 3’

GAPDH FW CAACGACCACTTTGTCAAGC
GAPDH REV CTGTGAGGAGGGGAGATTCA
HDAC8 FW GGTGCATTCTTTGATTGAAGCA
HDAC8 REV AAGCATCAGTGTGGAAGGTG

ALL-MYOSIN FW

TCGCCGGGATAGAAAACTACA

ALL-MYOSIN REV

CAGTTCTGACTTCTGGGCCAC

Primers zebrafish

Sequence 5’- 3’

rpl8 FW CTCCGTCTTCAAAGCCCATGT
rpl8 REV TCCTTCACGATCCCCTTGATG
mylz2 FW CCACTCAGTGCGACAGGTT
mylz2 REV AACATTGCCAGCCACATCT
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4.2 The genome-wide impact of nipblb loss-of-function on zebrafish

gene expression

NIPBL is one of the most frequently mutated gene in CdLS patients. It is responsible for cohesin
loading onto DNA and it is also involved in regulation of gene expression at genome-wide level.
Since CdLS is characterized by several developmental alterations, in this study we performed
RNA-seq analyses in zebrafish embryos at two different stages of development (24 hpf and 3 dpf)

following nipblb knockdown in order to evaluate its impact on whole-genome gene expression.
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Abstract: Transcriptional changes normally occur during development but also underlie differences
between healthy and pathological conditions. Transcription factors or chromatin modifiers are
involved in orchestrating gene activity, such as the cohesin genes and their regulator NIPBL. In our
previous studies, using a zebrafish model for nipblb knock-down, we described the effect of nipblb
loss-of-function in specific contexts such as central nervous system development and
hematopoiesis. However, the genome-wide transcriptional impact of nipblb loss-of-function in
zebrafish embryos at diverse developmental stages remains under investigated. By RNA-seq
analyses in zebrafish embryos at 24 hours and 3 days post fertilization, we examined genome-wide
ceffects of nipblb haploinsufficiency on transcriptional programs. Differential gene expression
analysis revealed that nipblb loss-of-function has a major impact on gene expression at 24 hours post
fertilization, and that this massive transcriptional dysregulation is rescued by specific back-up
mechanisms that counteract the transcriptional patterns induced by nipblb silencing. Moreover, we
unraveled a connection between nipblb-dependent differential expression and gene expression
patterns of hematological cell populations and AML subtypes, enforcing our previous evidences on
the involvement of NIPBL-related transcriptional dysregulation in hematological malignancies.

Keywords: NIPBL, RNA sequencing, zebrafish, gene expression regulation, Acute Myeloid
Leukemia

1. Introduction

The capability of regulating gene expression is a key feature of cells and is implicated in all cellular
processes. Thousands of genes are differentially transcribed within diverse cell types and whole-
genome changes in gene expression constitutively occur during organism development and tissue
differentiation. This transcriptional specificity depends on several regulatory proteins, such as
transcription factors and chromatin modifiers, which determine time- and tissue-specific gene
expression patterns through activation and repression of genes at genome-wide level. Diverse
transcriptional patterns characterize not only physiological conditions but are also a distinct hallmark
of pathological states. Thus, unrevealing factors involved in gene expression regulation and
identifying their target genes might not only improve the knowledge of physiological development
and tissue differentiation but also be exploited to design new therapeutic approaches for pathologies.
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Cohesin is a ring-shaped multiprotein complex, which was initially identified as a key regulator of
sister chromatid cohesion, segregation during mitosis [1] and for genome stability maintenance
during DNA repair [2]. The core structure of the cohesin complex is formed by the structural
maintenance of chromosomes (SMC) subunits SMC1 and SMC3, by the a-kleisin subunit RAD21 and
by a stromal antigen (SA) subunit, either SA1 or SA2. In addition, several proteins, such as ESCO1/2
acetylases and histone deacetylase 8 (HDACS), are associated with the complex and regulate its
function. In particular, the Nipped B-like (NIPBL) loading factor is required for cohesin loading onto
the DNA. In fact, even though the complex itself is capable of binding the DNA [3], cohesin loading
onto chromosomes requires NIPBL to be efficient. Apart from its aforementioned role, cohesin has
recently emerged as an epigenetic regulator of gene expression. Studies have revealed that cohesin
mediates long-range chromatin interactions between enhancers and promoters [4-6] and a recent
work highlighted its role in the formation and stabilization of Topologically Associating Domains
(TADs) [7]. In addition, there is evidence of cohesin-mediated regulation of gene expression, either
positive or negative, through interaction with RNA polymerase II [8-10].

Since NIPBL is involved in mediating cohesin function, it also regulates cohesin-mediated gene
expression. In particular, NIPBL co-localizes with cohesin and mediator at transcriptionally active
sites [4]. Interestingly, NIPBL is also found to bind at the promoters of active genes in the absence of
cohesin and its knockdown results in reduced gene expression of these genes [11]. Thus, NIPBL seems
to play an even greater role than cohesin in regulating genome-wide gene expression. Indeed,
previous works using different models highlighted NIPBL importance in transcriptional regulation
during development and its deregulation was reported to alter the whole genome transcription and
induce pathological defects, particularly in the Cornelia de Lange Syndrome (CdLS) models.
Mutations in the Nipped-B gene, the Drosophila melanogaster ortholog of NIPBL, caused
developmental defects in mutant flies [12] and NIPBL' mice displayed alteration of multiple organs,
including heart, bone and fatty tissue [13]. Also, both NIPBL deficiency and haploinsufficiency
impaired pectoral fin and limb development in zebrafish and mouse, respectively, through the
downregulation of several Hox genes [14]. In lymphoblastoid cell lines (LCLs) derived from CdLS
patients carrying NIPBL mutations, cohesin-binding sites were reduced by approximately 30%,
leading to transcription deregulation of more than 300 genes [15]. Similarly, transcriptome analysis
revealed hundreds of deregulated genes, either downregulated or overexpressed, both in iPSCs and
cardiomyocytes derived from NIPBL* CdLS patients [16] and another study identified whole-
genome changes in gene expression in both LCLs derived from NIPBL-mutated CdLS patients and
mouse embryonic fibroblasts (MEFs) derived from Nipbl* mice [17].

Other works associated NIPBL alterations to tumors. For example, the loss of NIPBL reduces
sensitivity to chemotherapy in gastrointestinal cancers [18] and its mutation was found in acute
megakarioblastic leukemia associated with Down syndrome (DS-AMKL) [19]. Interestingly, we have
observed a modulation of the canonical Wnt pathway in zebrafish embryos at different
developmental stages upon nipblb loss-of-function: at 24 hours post fertilization (hpf) we reported a
reduction of canonical Wnt pathway genes [20] that was recovered starting from 2 days post
fertilization (dpf) [21]. This evidence raises the possibility that nipblb haploinsufficiency primes a
series of back-up mechanisms that counteract the transcriptional patterns induced by its silencing.
In this work, we further analyze the transcriptional role of nipblb loss-of-function zebrafish embryos
broadening the analyses to the whole transcriptome through RNAseq analyses. In this regard, we
consider a possible role of nipblb during development choosing to compare wild-type and nipblb-
haploinsufficient embryos at both 24 hpf and 3 dpf. The experiments allowed the identification of a
strong nipblb-mediated modulation of transcriptional events in the early development, until 24 hpf,
that was mostly recovered at 3 dpf by other factors than nipblb. In addition, we confirmed our
previous findings highlighting the role of NIPBL in the regulation of pathways common to
hematopoiesis and mutated NPM1.

2. Results
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NIPBL has emerged as a major player in gene expression regulation at the genome-wide level and its
alterations have been reported to underlie substantial transcriptional changes, particularly in CdLS.
In this work we studied the role of the NIPBL orthologue in zebrafish, nipblb (Ch 10: 36,475,860-
36,547,128), in transcriptional activation relatively to a specific developmental stage. To assess the
global nipblb impact on the whole-genome transcription during zebrafish development, we
performed RNA-seq analysis on three replicates of control- and nipblb-morpholino (MO, Gene Tools)
injected embryos at 24 hpf (ctrl-MO 24h and nipblb-MO 24h) and 3 dpf (ctr]l-MO 3d and nipblb-MO
3d). For the generated 12 libraries, we obtained approximately 80 million reads for each sample, with
a range from 95 to 97% of reads mapped onto zebrafish genome (Table S1). We chose these
developmental stages since at 24 hpf the overall structure of the body has already been completed
and the three main axes assessed following gastrulation and somitogenesis. At 3 dpf, more specific
differentiation of tissues and organs have been accomplished, such as definitive hematopoiesis [22],
second myogenesis [23], activation of innate immunity [24], and thymus specification [25]. The
unsupervised analysis highlighted that the gene expression data were highly reproducible among
the various biological replicates (Figure 1A) and that only nipblb-MO injected embryos at 24 hpf were
characterized by a completely distinct transcriptional pattern as compared to both control and nipblb-
MO injected embryos at 3 dpf (Figure 1B).

96



Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 40f17

A

Nipbib-MO 24 hpt
B Nipbib-MO 3 dpf

ctrl-MO 24 hpf
[ ctri-MO 3 dpt

Nipbib 24h rep1
Nipbib 24h rep2

Nipbib 24h rep3

Nipbib 3d rep1
Nipbib 3d rep3
Nipbib 3d rep2
ctrl 24h rep3
ctrl 24h rep1
ctrl 24h rep2
ctrl 3d rep1
ctrl 3d rep3
ctrl 3d rep2

Nipblb-MO 24 hpt
B Nipbib-MO 3 dpf

ctrl-MO 24 hpf
B ctri-MO 3 dpf

nayens

-3 0 3
log2ratio

114
115  Figure 1. (A) Sample correlation matrix using gene-wise standardized expression values of 1,999

116  highly variable genes. (B) Unsupervised hierarchical clustering of wild-type and nipblb-MO injected
117  embryos at 24 hpf and 3 dpf based on the standardized gene expression values of 1,999 highly
118  variable genes. Each column represents one separated biological sample.
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120 To explore the molecular changes underlying loss of nipblb in carly and late developmental
121  stages and the interplay between nipblb loss-of-function and development, we compared the
122 transcriptional profiles of zebrafish embryos from all 4 conditions (Table S2). Differential gene
123 expression analysis returned 5,691 genes differentially expressed in the comparison between nipblb-
124 MO and control embryos at 24 hpf (false discovery rate FDR<1% and absolute fold change >3; Figure
125  2A). Among them, 1,486 genes were up-regulated and 4,205 were down-regulated. Surprisingly, as
126 suggested by the unsupervised analysis of Figure 2B, only a small set of 223 genes (143 overexpressed
127 and 80 down-regulated) were differentially expressed when comparing nipblb-MO injected and
128  control embryos at 3 dpf (FDR <1% and absolute fold change >3). Since the effects of nipblb silencing
129 were still effective (Figure 2C) and the differential gene expression between 24 hpf and 3 dpf in a
130 normal condition (control embryos) is limited (FDR<1% and absolute fold change >3; Figure 2D), we
131 hypothesized that the rescue of the differential expression induced by nipblb-haploinsufficiency at 3
132 dpf has to be ascribed to mechanisms counteracting nipblb loss-of-function rather than to the loss of
133 morpholino perdurance or to the effect of normal development processes. For instance, the paralog
134 nipbla (Ch 5: 8,005,911-8,096,232) might exert a compensative effect as its expression resulted
135 increased, although not drastically, at 24 hpf (FDR<1% and absolute fold change=2.36; Table S2).
136
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Figure 2. (A) Supervised hicrarchical clustering of wild-type and nipblb-MO injected embryos based
on the standardized gene expression values of 5,691 genes differentially expressed in the comparison
between nipblb-MO and wild-type embryos at 24 hpf. Each column represents one separated
biological sample. (B) Same as in (A) based on the set of 223 genes differentially expressed when
comparing nipblb-MO injected and control embryos at 3 dpf. (C) Western blot analyses of Nipbl
protein expression in control-MO and nipblb-MO injected embryos at 24 hpf and 3 dpf. Vinculin
marker was used for normalization. (D) Same as in (A) using the 60 differentially expressed genes in
the comparison between control samples at 24 hpf and 3 dpf.

Overall, more than 60% of the 5,691 genes differentially expressed in nipblb-MO embryos at 24
hpf returned, in nipblb-MO embryos at 3 dpf, to the same expression levels of the control embryos.
Functionally, this corresponded to restoring the gene expression levels of pathways related to
receptors and ligands associated with intracellular and extracellular signaling, phototrasduction,
purine metabolism, and MAPK signaling that were all repressed in nipblb-haploinsufficient embryos
at 24 hpf (Figure 3A). As we previously showed, nipblb loss-of-function determined, at 24 hpf, a
significant reduction (p=1x10+) in the overall activation of the Wnt canonical pathway [20,21] that
was almost recovered at 3 dpf (p=4x10+; Figure 3B). Converscly, 44 and 17 genes remained up- and
down-regulated respectively, in nipblb-MO embryos at 3 dpf compared to their respective controls.
Interestingly, 29 genes down-regulated by nipblb silencing at 24 hpf resulted up-regulated in nipblb-
MO at 3 dpf. Among these genes, the interferon alpha inducible protein (ifi45), involved in apoptotic
signaling pathway, and the titin-cap (telethonin, tcap), implicated in T-tubule organization and heart
contraction, were oppositely regulated at 24 hpf and 3 dpf (Figure 3C-D).
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Figure 3. (A) Dot plot of the KEGG gene sets significantly enriched in the 4,205 down-regulated genes
by nipblb loss-of-function at 24 hpf and in the 2,558 genes that returned, in nipblb-MO embryos at 3
dpf, to the same expression levels of the wild-type embryos at both developmental stages. Dot color
indicates statistical significance of the enrichment (false discovery rate FDR); dot size represents the
fraction of genes annotated to each term. Gene sets are ranked in increasing order based on the FDR
value. (B) Average expression of all KEGG Wnt canonical pathway genes in sample subgroups (***,
p=0.001 in unpaired t-test). (C) Gene expression of ifi45 in sample subgroups (***, FDR<0.0001 in
edgeR exactTest). (D) Gene expression of tcap in sample subgroups (****, FDR<0.0001 in edgeR
exactTest).

Functional annotation using GSEA and gene sets from the MSigDB Hallmark and KEGG
collections highlighted that nipblb loss-of-function activated, at 24 hpf, gene sets related to cell cycle,
MYC signaling, DNA replication, RNA polymerase, and ribosome metabolism while repressed gene
sets associated to receptors and ligands involved in the intracellular and extracellular signaling, EMT,
ECM, motility and function of the cardiac muscle, MAPK signaling pathway, and cell-matrix
adhesion (Table S3 and Figure 4A). Differently, at 3 dpf, in nipblb -haploinsufficiency, activated genes
sets connected to interferon response, JAK-STAT signaling, the proteasome, and the metabolisms of
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ribosome and cytochrome p450 while repressing gene sets related to receptors and ligands involved
in cell signaling, cytotoxicity and phagocytosis, ECM interactions, and VEGCF signaling (Table S4 and

Figure 4B).
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Figure 4. (A) Dot plot of the top 10 significantly enriched (normalized enrichment score NES>0
and FDR<0.05) and depleted (normalized enrichment score NES<0 and FDR<0.05) gene sets from
Gene Set Enrichment Analysis of nipblb-MO at 24 hpf as compared to their wild-type counterpart.
Dot color indicates statistical significance of the enrichment (false discovery rate FDR); dot size
represents the fraction of genes annotated to each term. Gene sets are ranked in increasing order
based on the NES value. (B) Same as in (A) for all the significantly enriched (normalized enrichment
score NES>0 and FDR<0.05) and depleted (normalized enrichment score NES<0 and FDR<0.05) gene
sets from Gene Set Enrichment Analysis of nipblb-MO at 3 dpf as compared to their wild-type
counterpart. (C) Dot plot of the significantly enriched (normalized enrichment score NES>0 and
FDR<0.05) and depleted (normalized enrichment score NES<0 and FDR<0.05) myeloid differentiation
and AML-related gene sets from Gene Set Enrichment Analysis of nipblb-MO at 24 hpf as compared
to their wild-type counterpart. (D) Average expression in NMP1 mutant and wild-type AMLs of 4,205
genes down-regulated by nipblb loss-of-function at 24 hpf (*, p=0.019 in unpaired t-test)
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Since NIPBL has emerged as a potential player in myeloid cell differentiation and in the
insurgence of hematological malignancies [21,26,27], we performed the functional enrichment
analysis also using a collection of gene sets related to myeloid differentiation and acute myeloid
leukemia (AML; Table S5). Interestingly, we found that a set of genes up-regulated in human
hematopoietic lineage committed progenitor cells, as compared to hematopoietic stem cells (HSC)
and mature cells, were significantly activated in nipblb embryos at 24 hpt. Conversely, we found
depleted sets of genes up-regulated in HSC enriched populations and in AML stem cell (LSC; Figure
4C). In addition, nipblb loss-of-function downregulated genes active in AML patients with wild-type
NPM1, thus suggesting that nipblb-haploinsufficiency phenocopies the transcriptional effects induced
by NMP1 mutations in AMLs. We next sought to determine the expression patterns of genes
downregulated by nipblb loss-of-function in a cohort of AML patients with mutant and wild-type
NPM1 [28] and verified that the transcriptional program repressed by nipblb-haploinsufficiency is
indeed repressed also in AMLs with mutant NPM1 (Figure 4D). No gene sets associated to myeloid
differentiation and AML resulted significantly modulated in nipblb embryos at 3 dpf.

3. Discussion

The Nipped B-like protein (NIPBL) is the factor that allows the loading of the cohesin complex
on the DNA during the G2 phase of the cell cycle [29]. In addition to its canonical role, NIPBL was
also identified as a transcription factor and architect of the chromatin, independently to its
interactions with the cohesin complex. For instance, Hi-C data showed that Nipbl deletion in
hepatocytes strongly impacts on genome organization, while few changes were reported following
cohesin depletion [5,30,31]. Moreover, ChIP-sequencing analyses in human HB2 cells revealed that
the binding sites of NIPBL to the genome were independent to those of cohesin or CTCF [11],
suggesting that NIPBL may have a direct role in gene expression. Indeed, in HB2 cells NIPBL was
shown to localize preferentially to active promoters rich in CpG islands, and near the RNA Pol 11
binding sites [11]. Also in D. melanogaster genome, Nipped-B and cohesin preferentially bind to
transcribed regions, frequently overlapping with RNA polymerase II binding sites [8]. In human ES
cells, ChIP-Seq data revealed an association between NIPBL and the enhancer and core promoter
region sites bound by mediator and cohesin in actively transcribed genes [4].

NIPBL has been linked to gene expression regulation in different models such as Cut and
Ultrabithorax in D. melanogaster [32], adipogenic differentiation genes such as Cebpb and Ebfl in
murine embryonic fibroblasts [13], endodermal differentiation and left-right axis genes such as sox32,
sox17, foxa2, gata, spaw, lefty2, and dnah9 in zebrafish [33], histone deacetylases HDAC1 and HDAC3
[34] and heterochromatin protein 1 in human [35].

Here, we used RNA-seq analyses in nipblb-haploinsufficient zebrafish embryos at 24 hours and
3 days post fertilization to investigate the genome-wide effect of nipblb loss-of-function on zebrafish
transcriptional programs during development. Our findings revealed a significant gene inactivation
following down-regulation of nipblb in zebrafish embryos, as already described in D. melanogaster [8].
Indeed, as compared to their control samples, nipblb-haploinsufficient embryos at 24 hpf showed a
down-regulation of 4,205 genes while only 1,486 genes were up-regulated. Interestingly, the massive
transcriptional impact of nipblb loss-of-function was abundantly recovered during development
resulting in the minor transcriptional changes observed at 3 dpf upon nipblb silencing. Although the
technique of oligo morpholino injection used to block Nipblb protein production has been
demonstrated to drop down during the first 120 hpf of development [36], the absence of Nipblb
protein observed at 3 dpf let hypothesizing that the rescue of the differential expression induced by
nipblb-haploinsufficiency was associated to specific mechanisms counteracting rnipblb loss-of-function
during development and not to a loss of nipblb silencing. Since in zebrafish NIPBL is present in two
paralogs, nipblb (Ch 10: 36,475,860-36,547,128) and nipbla (Ch 5: 8,005,911-8,096,232), one possible
explanation for the recovery could be related to the compensatory action of nipbla. Indeed, it has been
previously suggested both nipbl paralogs have similar functions in zebrafish [14] and we showed that
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the knock-down of nipblb slightly increase the expression of nipbla. However, although the role of
nipblb seemed preponderant as the knock-down of nipblb determined a most severe phenotype in the
early developmental stages than the nipbla knock-down, Muto and colleagues also demonstrated that
nipbla silencing did not affect the expression of endodermal gene such as nipblb reduction, suggesting
functional specialization in gene regulation between the two paralog [14].

Among the down-regulated genes, we identified genes that could be correlated with phenotypes
presented by CdLS patients with NIPBL mutation. For instance, we described down-regulation of
genes associated to receptors and ligands involved in the intracellular and extracellular signaling,
EMT, ECM, cardiac muscle motility and function, MAPK signaling pathway and cell-matrix
adhesion. In a murine model of Nipbl-haploinsufficiency, genes involved in neural differentiation,
such as MAP2K1 and MAP4K1, and heart development, such as BMP2, were also described [13]. To
note, differences in gene expression were also described in iPSCs and cardiomyocytes derived from
CdLS NIPBL'- patients, suggesting a role for NIPBL in transcriptional regulation of cardiac cells [16].
The functional enrichment of differentially expressed genes resulted also in pathways that were up-
regulated following nipblb-haploinsufficiency, such as MYC and JAK-STAT signaling pathways, and
genes sets connected to interferon and immune response. Noticeably, the up-regulation of stress-
induced immune response has been described also in Nipbl'- MEF cells as a consequence of the down-
regulation of RNA-processing genes and aberrant RNA biogenesis [17].

In recent years, dysregulation of NIPBL has been associated with tumor insurgence, in particular
in hematological malignancies [21,26,27]. To further verify this association, we used a collection of
gene sets related to myeloid differentiation and AML in the functional enrichment analysis of the
gene expression pattern induced by nipblb loss-of-function. Interestingly, we found that genes
activated by nipblb-haploinsufficiency are associated to the hematopoietic lineage committed
progenitor cells while genes repressed by the loss of nipblb are expressed by HSC enriched
populations and in AML stem cell (LSC). In addition, the downregulation induced by nipblb loss-of-
function resembles the transcriptional pattern induced by NMP1 mutations in AMLs, as verified by
the functional annotation and by the expression level of genes downregulated by nipblb loss-of-
function in the transcriptomes of AML patients with mutant and wild-type NPM1.

Taken together, these data provide new insights into the role of NIPBL in regulating zebrafish
gene expression. In particular, our analysis reveals that nipblb loss-of-function has a major impact on
gene expression in the early development, until 24 hpf, and that this massive transcriptional
dysregulation is significantly recovered later during development by compensative mechanisms that
need further identification analyses. Moreover, by unraveling a connection between nipblb-
dependent differential expression and genes sets related to different hematological cell populations
and AML subtypes, we shed light on the possible involvement of NIPBL-related transcriptional
dysregulation in hematological malignancies.

4. Materials and Methods

Zebrafish embryos

Zebrafish (Danio rerio) were maintained at the University of Milan, Via Celoria 26 - 20133 Milan, Italy
(Autorizzazione Protocollo n. 295/2012-A - 20/12/2012). Zebrafish AB strains were maintained
according to international (EU Directive 2010/63/EU) and national guidelines (Italian decree n. 26 of the
4th of March 2014). Embryos were staged and used until 5 days post fertilization, a time window in
which zebrafish is not considered an animal model according to national guidelines (Italian decree n.
26 of the 4th of March 2014). Embryos were staged according to Kimmel and colleagues [37] and raised
in fish water (Instant Ocean, 0.1% Methylene Blue) at 28°C in Petri dishes, according to established
techniques. Embryonic ages are expressed in hours post fertilization (hpf) and days post fertilization
(dpf) and the embryos used in this work were younger than 5 dpf. To prevent pigmentation, 0.003% 1-
phenyl-2-thiourea (PTU, Sigma-Aldrich, St. Louis, Missouri, US) was added to the fish water. Embryos
were anaesthetized with 0.016% tricaine (Ethyl 3-aminobenzoate methanesulfonate salt, Sigma-
Aldrich) before proceeding with experimental protocols.
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Injections

Injections were carried out on one- to two-cell stage embryos. Details of concentration and sequence of
nipblb morpholino (nipblb-MO, LLC, Philomath OR, USA) are described in [21]. In all experiments, MO-
injected embryos were compared to embryos at the same developmental stage injected with the same
amount of a ctrl-MO that has no target in zebrafish (Gene Tools).

RNA extraction

Total RNA was extracted from at least 30 embryos at the desired developmental stage (24 hpf or 72 hfp)
by TRIzol reagent (ThermoFisher Scientific, MA, USA) and chloroform (Carlo Erba, Milan, Italy),
followed by phenol-chloroform separation and isopropanol precipitation. The pellet was resuspended
by adding 30 pl of RN Ase-free water. Following RNA isolation, DNAse treatment was performed using
Turbo DNAse (Life Technology, Carlsbad, California, USA). After purification, RNA yield, quality and
size of isolated RNAs were assessed using Nanodrop spectrophotometer (ThemoFisher) and
TapeStation instrument (Agilent Technologies, Santa Clara, CA, USA). Total RNA concentration from
cach biological sample ranged from 0.3 to 1.2 ug/ul and the RNA Integrity Number (RIN) values were
between 5.7 and 6.9.

RNA-Seq and bioinformatics analyses

Total RNA was isolated from ctrl-MO and nipblb-MO embryos at 24 hpf and 3 dpf using the Illumina
TruSeq Stranded mRNA Library Prep Kit, according to manufacturer’s instructions. Before sequencing,
libraries were analyzed with the TapeStation instrument and quantified by Nanodrop
spectrophotometer with the use of the fluorescent dye PicoGreen® to verify the length and
concentration of the inserts. RNA libraries were then diluted at 2 nM concentration and normalized
using standard library quantification and quality control procedures as recommended by the Illumina
protocol. RNA sequencing was carried out in triplicates on an Illumina HiSeq4000 with a 2x150bp run.
Raw reads of NGS data are available in NCBI Short-read Archive (SRA,
https://www.ncbi.nlm.nih.gov/sra/) under accession number PRJNA675()2() Read quallty was accessed
using fastQC (v. 0.11.3; http: P
trimmed for adapters and for length at 100 bp w1th Tnmmomatlc [38] and subscqucntly aligned to the
zebrafish reference genome (GRCz11.97) using STAR (v.020201) [39]. Raw gene counts were obtained
using htseq-count (v.0.6.0 options: --stranded=reverse) [40] with the Ensembl annotation file
GRCz11.97.gtf as a reference. Raw counts were normalized to counts per million mapped reads (cpm)
using the edgeR package [41]; only genes with a cpm greater than 1 in at least 1 sample were further
retained for differential analysis. Global unsupervised clustering was performed using the function
hclust of R stats package with Pearson correlation as distance metric and average agglomeration method.
Gene expression heatmaps have been generated using the function heatmap.2 of R gplots package after
row-wise standardization of the expression values. Before unsupervised clustering, to reduce the effect
of noise from non-varying genes, we removed those probe sets with a coefficient of variation smaller
than the 90™ percentile of the coefficients of variation in the entire dataset. The filter retained 1,999 genes
that are more variable (highly variable genes) across samples in any of the 4 subsets (i.e., ctrl-MO and
nipblb-MO at 24 hpf and 3 dpf). Differential gene expression analysis was performed using the exactTest
function of the edgeR package [41]. Genes were considered significantly differently expressed at False
Discovery Rate (FDR) <0.01 and absolute fold-change >3. Functional annotation of the differentially
expressed genes was performed using gProfiler (https://biit.cs.ut.ee/gprofiler) and the gene sets of the
KEGG biological pathways. Functional over-representation analysis was performed using Gene Set
Enrichment Analysis (GSEA; http://softwarc.broadinstitute.org/gsea/index.jsp) and curated gene sets
of the Molecular Signatures Database (MSigDB). In particular, we used the Hallmark gene sets, the
KEGG subset of canonical pathways (MSigDB C2), and a collection of 80 gene sets related to myeloid
differentiation and AML (Table S5). Prior to GSEA analysis, we converted zebrafish Entrez IDs into
the corresponding human orthologues genes using the HUGO Gene Nomenclature Committee
(HGNC) Orthology Predictions Search (HCOP; https://www.genenames.org/cgi-bin/hcop). Gene sets
were considered significantly enriched at false discovery rate (FDR) <0.05 when using Signal2Noise as
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metric and 1.000 permutations of gene sets. The dot plots showing the most significantly enriched and
depleted gene sets were generated using the ggplot function of the ggplot2 R package.

Gene expression data of AML patients were measured on Affymetrix arrays and have been
downloaded from NCBI Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/)
GSE10358 along with annotations on the mutational status of NMP1. Since raw data (.CEL files) were
available for all samples, the integration, normalization and summarization of gene expression signals
has been obtained converting probe level signals to expression values using the robust multi-array
average procedure RMA [42] of the Bioconductor affy package.

Average signature expression has been calculated as the standardized average expression of all
signature genes in all 184 samples with NMP1 annotation.

All analyses were performed using R 3.6.2 and publicly available packages explicitly cited in the
manuscript. No custom functions were written for the analysis.

Western blot
At least 30 zebrafish embryos were used for protein preparation and the yolk was previously removed
from embryos to avoid yolk protein contamination. Total proteins were extracted with RIPA buffer
(50 mM Tris-HCI pH 7.4, 1% NP-40, 150 mM NaCl, 0.25% sodium deoxycholate, ImM EDTA, 1TmM
PMSF,) with the addition of protease inhibitor cocktail (Roche). Lysates were incubated 3 min at 95°C
and 2 min at 4°C, followed by disaggregation by using insulin syringe. Incubation and disaggregation
were repeated twice and then lysates were centrifuged 10 min at 16.000 g at 4°C. The supernatant was
recovered and extracts were quantified by using the Quantum Micro protein Assay (EuroClone). 50 ug
of proteins were loaded in a 6.5% acrylamide/polyacrilammide gel and subjected to electrophoresis.
Protein transfer onto polyvinylidene fluoride (PVDF) membrane was performed at 30 V for 16 hours at
4°C. Membranes were incubated with blocking solution (5% skimmed powder milk in TBS containing
0.1% TWEEN-20) for 1h at room temperature before overnight incubation at 4°C with primary
antibodies in blocking solution. Membranes were then incubated Th at room temperature with HRP-
conjugated secondary antibodies in blocking solution. Protein bands were detected by using WESTAR
ECL detection system (Cyanagen, Bologna, Italy). Images were acquired with the Alliance MINI HD9
AUTO Western Blot Imaging System (UVItec Limited, Cambridge, UK) and analyzed with the related
software. Vinculin were used as internal control. Primary antibodies were mouse anti-vinculin 1:6000
(V9131, Sigma-Aldrich) and rabbit anti-NIPBL 1:200 (NB100-93320, Novus Biologicals, Littleton,
Colorado, USA) Secondary antibody were HRP-conjugated goat anti-rabbit 1:5000 (7074, Cell Signaling
Technology, Danvers, Massachusetts, US) and HRP-conjugated horse anti-mouse 1:4000 (7076, Cell
Signaling Technology).

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/xxx/s1.
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Abbreviations
NIPBL Nipped B-like
MO Morpholino

RNA-seq RNA sequencing

EMT
ECM
AML
HSC
LSC
FDR
GSEA
NES

Epithelial-Mesenchymal Transition
Extra-Cellular Matrix

Acute Myeloid Leukemia
Hematopoietic Stem Cells
Leukemia Stem Cells

False Discovery Rate

Gene Set Enrichment Analysis

Normalized Enrichment Score
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Table S1 Summary statistics of RNA-seq profiling and read alignment.

Sample total_reads | mapped_reads | mapped_reads_pct
CTRL_24h_1 106320197 102654009 96.55
CTRL_24h_2 86519359 83030507 95.97
CTRL_24h_3 82622705 79702889 96.47
CTRL_3d_1 83993616 80332888 95.64
CTRL_3d_2 80608466 77092652 95.64
CTRL_3d_3 86163909 81937501 95.09
Nipblb_24h_1 | 78683922 75715162 96.23
Nipblb_24h_2 91981783 88171489 95.86
Nipblb_24h_3 58330315 56197319 96.34
Nipblb_3d_1 89482968 86230798 96.37
Nipblb_3d_2 74766515 72119105 96.46
Nipblb_3d_3 74548438 71882596 96.42

Table S2. Fold change (FC) and statistical significance (False Discovery Rate, FDR) of differential gene

expression in the comparisons of nipblb-MO and ctrl-MO samples at 24 hpf and 3 dpf.

Sce Table 52.xIx

Table

msigdb.org/gsc

S3. Gene sets of the Hallmark and KEGG

collections ~ from
a/msigdb/collections.jsp) enriched and depleted in nipblb-MO embryos as compared to ctrl-MO samples at 24 hpf (FDR<0.05).

the

Molecular

Signature Database

(MSigDB;

https://www.gsea-

Gene set Size | NES FDR GeneRatio Effect
E2F TARGETS 170 3.58 0 0.69 Enriched in nipblb-MO
RIBOSOME 74 3.49 0 0.95 Enriched in nipblb-MO
MYC TARGETS V1 173 3.29 0 0.73 Enriched in nipblb-MO
DNA REPLICATION 29 3.18 0 0.97 Enriched in nipblb-MO
MYC TARGETS V2 54 3.07 0 0.85 Enriched in nipblb-MO
G2M CHECKPOINT 156 3.06 0 0.51 Enriched in nipblb-MO
HOMOLOGOUS RECOMBINATION 22 292 0 0.91 Enriched in nipblb-MO
SPLICEOSOME 102 2.89 0 0.74 Enriched in nipblb-MO
RNA POLYMERASE 22 2.82 0 0.91 Enriched in nipblb-MO
CELL CYCLE 94 2.81 0 0.59 Enriched in nipblb-MO
MISMATCH REPAIR 20 2.81 0 0.90 Enriched in nipblb-MO
PYRIMIDINE METABOLISM 72 2.73 0 0.63 Enriched in nipblb-MO
NUCLEOTIDE EXCISION REPAIR 36 2.66 0 0.83 Enriched in nipblb-MO
DNA REPAIR 120 2.62 0 0.56 Enriched in nipblb-MO
BASE EXCISION REPAIR 27 2.52 0 0.70 Enriched in nipblb-MO
RNA DEGRADATION 49 2.33 0 0.55 Enriched in nipblb-MO
PORPHYRIN AND CHLOROPHYLL METABOLISM 21 214 4.15E-04 | 043 Enriched in nipblb-MO
UNFOLDED PROTEIN RESPONSE 98 2.10 5.18E-04 | 0.41 Enriched in nipblb-MO
PROTEASOME 30 2.09 5.49E-04 | 0.73 Enriched in nipblb-MO
BASAL TRANSCRIPTION FACTORS 26 2.07 7.02E-04 | 0.69 Enriched in nipblb-MO
PROTEIN EXPORT 20 1.96 0.003 0.90 Enriched in nipblb-MO
AMINOACYL TRNA BIOSYNTHESIS 34 1.90 0.004 0.71 Enriched in nipblb-MO
CYTOSOLIC DNA SENSING PATHWAY 22 1.79 0.010 0.41 Enriched in nipblb-MO
P53 SIGNALING PATHWAY 50 1.75 0.012 0.42 Enriched in nipblb-MO
GLYCOSYLPHOSPHATIDYLINOSITOL GPL ANCHOR BIOSYNTHESIS | 22 1.68 0.020 0.50 Enriched in nipblb-MO
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NEUROACTIVE LIGAND RECEPTOR INTERACTION 123 -252 |0 0.68 Enriched in CTRL-MO
CALCIUM SIGNALINGC PATHWAY 90 -242 |0 0.64 Enriched in CTRL-MO
EPITHELTAL MESENCHYMAL TRANSITION 127 229 |0 0.54 Enriched in CTRL-MO
ECM RECEPTOR INTERACTION 51 214 |0 0.57 Enriched in CTRL-MO
LONG TERM POTENTIATION 34 -2.12 | 3.70E-04 | 0.65 Enriched in CTRL-MO
CARDIAC MUSCLE CONTRACTION 44 -2.10 | 6.07E-04 | 0.43 Enriched in CTRL-MO
TYPE 11 DIABETES MELLITUS 32 -2.07 | 7.95E-04 | 0.47 Enriched in CTRL-MO
MYOGENESIS 134 -2.06 | 8.16E-04 | 0.43 Enriched in CTRL-MO
GAP JUNCTION 50 -2.05 | 9.32E-04 | 0.72 Enriched in CTRL-MO
DILATED CARDIOMYOPATHY 57 -2.02 | 0.001 0.54 Enriched in CTRL-MO
OLFACTORY TRANSDUCTION 15 -2.01 | 0.001 1.00 Enriched in CTRL-MO
HYPERTROPHIC CARDIOMYOPATHY HCM 49 -2.00 | 0.001 0.47 Enriched in CTRL-MO
KRAS SIGNALING UP 17 -1.97 | 0.002 0.51 Enriched in CTRL-MO
FOCAL ADHESION 115 -1.94 | 0.002 0.41 Enriched in CTRL-MO
INOSITOL PHOSPHATE METABOLISM 36 -1.92 | 0.003 0.50 Enriched in CTRL-MO
PHOSPHATIDYLINOSITOL SIGNALING SYSTEM 47 -1.90 | 0.004 0.60 Enriched in CTRL-MO
GNRH SIGNALING PATHWAY 50 -1.88 | 0.004 0.64 Enriched in CTRL-MO
ARRHYTHMOGENIC RIGHT VENTRICULAR CARDIOMYOPATHY | 47 -1.87 | 0.004 0.45 Enriched in CTRL-MO
ARVC

CHEMOKINE SIGNALING PATHWAY 86 -1.84 | 0.006 0.58 Enriched in CTRL-MO
INFLAMMATORY RESPONSE 96 -1.82 | 0.007 0.36 Enriched in CTRL-MO
MAPK SIGNALING PATHWAY 148 -1.78 | 0.011 0.41 Enriched in CTRL-MO
INSULIN SIGNALING PATHWAY 82 -1.78 | 0.011 0.38 Enriched in CTRL-MO
APICAL JUNCTION 117 | -1.77 | 0.011 0.37 Enriched in CTRL-MO
VASCULAR SMOOTH MUSCLE CONTRACTION 60 -1.77 | 0.010 0.50 Enriched in CTRL-MO
COMPLEMENT AND COAGULATION CASCADES 41 -1.76 | 0.012 0.66 Enriched in CTRL-MO
TRYPTOPHAN METABOLISM 25 -1.74 | 0.014 0.44 Enriched in CTRL-MO
ALDOSTERONE REGULATED SODIUM REABSORPTION 22 -1.72 | 0.016 0.68 Enriched in CTRL-MO
LONG TERM DEPRESSION 35 -1.69 | 0.024 0.54 Enriched in CTRL-MO
ESTROGEN RESPONSE EARLY 133 -1.68 | 0.023 0.46 Enriched in CTRL-MO
BILE ACID METABOLISM 82 -1.67 | 0.025 0.55 Enriched in CTRL-MO
CELL ADHESION MOLECULES CAMS 62 -1.64 | 0.033 0.37 Enriched in CTRL-MO
UV RESPONSE DN 97 | -1.64 | 0.032 0.55 | Enriched in CTRL-MO
AXON GUIDANCE 72 -1.63 | 0.034 0.65 Enriched in CTRL-MO
KRAS SIGNALING DN 97 -1.61 | 0.040 0.35 Enriched in CTRL-MO
AMYOTROPHIC LATERAL SCLEROSIS ALS 32 -1.60 | 0.043 0.44 Enriched in CTRL-MO

Table S4. Gene scts of the Hallmark and KEGG collections from the Molecular Signature Database (MSigDB; https://www.gsca-

msigdb.org/gsca/msigdb/collections.js|

) enriched and depleted in nipblb-MO embryos as compared to ctrl-MO samples at 3 dpf (FDR<0.05).

Gene set Size | NES FDR GeneRatio Effect
INTERFERON CAMMA RESPONSE 99| 2,52 0 0.43 | Enriched in nipblb-MO
RIBOSOME 74| 244 0 0.76 | Enriched in nipblb-MO
INTERFERON ALPHA RESPONSE 47| 237 0 0.43 | Enriched in nipblb-MO
PROTEASOME 30| 216| 7.249E-04 0.67 | Enriched in nipblb-MO
TL6 JAK STAT3 SIGNALING 46| 1.83 0.028 0.33 | Enriched in nipblb-MO
DRUG METABOLISM CYTOCHROME P450 20| 1.78 0.036 0.50 | Enriched in nipblb-MO
AMINOACYL TRNA BIOSYNTHESIS 34| 177 0.034 0.71 | Enriched in nipblb-MO
STEROID HORMONE BIOSYNTHESIS 21| 177 0.032 0.29 | Enriched in nipblb-MO
METABOLISM OF XENOBIOTICS BY CYTOCHROME P450 2| 173 0.042 0.45 | Enriched in nipblb-MO
AXON GUIDANCE 72| -2.28 0 0.63 | Enriched in CTRL-MO
NEUROACTIVE LIGAND RECEPTOR INTERACTION 123 -2.02 0.009 0.41 | Enriched in CTRL-MO
CALCIUM SIGNALING PATHWAY 90| -1.97 0.011 0.37 | Enriched in CTRL-MO
ECM RECEPTOR INTERACTION 51| -1.84 0.036 0.37 | Enriched in CTRL-MO
NATURAL KILLER CELL MEDIATED CYTOTOXICITY 36| -1.82 0.037 0.36 | Enriched in CTRL-MO
VEGF SIGNALING PATHWAY 31| -1.80 0.037 0.32 | Enriched in CTRL-MO
FC GAMMA R MEDIATED PHAGOCYTOSIS 57| -1.76 0.044 0.40 | Enriched in CTRL-MO
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Table S5. Gene sets related to myeloid differentiation and AML derived from the Molecular Signature Database (MSigDB; https://www.gsea-

msigdb.org/gsea/msigdb/collections jsp).

See Table S5.xIx

Table S6. Gene sets related to myeloid differentiation and AML enriched and depleted in nipblb-MO embryos as compared to ctrl-MO samples at 24 hpf (FDR<0.05).

Gene set Size | NES | FDR | GeneRatio Effect
EPPERT_PROGENITOR 114 1.83 0.039 | 0.49 Enriched in nipblb-MO
GAL_LEUKEMIC_STEM_CELL_DN 127 1.71 0.046 | 0.37 Enriched in nipblb-MO
ALCALAY_AML_BY_NPM1_LOCALIZATION_DN | 131 1.67 0.041 | 037 Enriched in nipblb-MO
EPPERT HSC R 80 -1.98 | 0.005 | 0.44 Enriched in CTRL-MO
VERHAAK AML WITH NPMI_MUTATED DN 47 | -1.98 | 0.003 | 052 Enriched in CTRL-MO
EPPERT_CE_HSC_LSC 22 -1.88 | 0.007 | 0.55 Enriched in CTRL-MO
VALK_AML_CLUSTER_7 15 -1.81 | 0.016 | 0.80 Enriched in CTRL-MO
VALK_AML_CLUSTER_16 19 -1.80 | 0.013 | 053 Enriched in CTRL-MO
VALK_AML_CLUSTER_11 23 -1.75 | 0.019 | 0.30 Enriched in CTRL-MO
VALK_AML_CLUSTER_10 21 -1.71 [ 0.023 | 0.76 Enriched in CTRL-MO
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5. DISCUSSION

By epigenetic regulation of gene expression and protein modification through deacetylation,
HDACSs are involved in several biological processes. Therefore HDACSs alteration is frequently
associated with pathological conditions, in particular with cancer (Patra et al. 2019). In recent years
HDAC inhibition has emerged as an attractive potential pharmacological approach for the
treatment of different diseases. Indeed, studies showed that HDACI not only possess a promising
anti-cancer activity (Ceccacci and Minucci 2016; Imai, Maru, and Tanaka 2016; Eckschlager et
al. 2017) but also display therapeutic potential in the treatment of other pathological conditions,
such as Duchenne muscular dystrophy (DMD) (Consalvi et al. 2011). However, their use is still
hampered by variable efficacy and safety issues. In fact, many side effects are associated with
HDACI, ranging from nausea, diarrhoea and thrombocytopenia to cardiac and metabolic disorders
(Subramanian et al. 2010). These side effects are due to pan-HDAC inhibitory activity of these
drugs, which lack specificity and inhibit multiple HDAC isoforms, thus affecting several
biological processes. Inhibition of specific HDACs may improve the outcome of therapy in terms
of both efficacy and safety. Such an approach would require both a better in-depth knowledge of
specific HDAC involvement in cellular processes and availability of more selective HDACI. In
this regard, HDACS represents an interesting target, as its peculiar structure among HDACSs
(Somoza et al. 2004) allowed the development of highly specific inhibitors, such as the PCI-34051
(Balasubramanian et al. 2008).

To examine in depth HDACS physiological and pathological roles, we analysed its function and
the effect of its inhibition by using both in vitro (cell lines) and in vivo (zebrafish) models. In
particular, we assessed HDACS8 dysregulation in association with HDACS8-related pathologies:

acute myeloid leukaemia (AML), (Durst et al. 2003; Qi et al. 2015) Cornelia de Lange syndrome
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(CdLS) (Deardorff, Bando, et al. 2012; Kaiser et al. 2014; Feng et al. 2014; X. Gao et al. 2018)
and DMD insurgence.

Since HDACS was overexpressed in haematopoietic stem cells from AML patients (Qi et al. 2015),
we sought to evaluate in the zebrafish model the effect of hdac8 overexpression on haematopoietic
stem and progenitor cells (HSPCs). Firstly, we checked the expression pattern of hdac8 gene in
zebrafish; then, we assessed the haematopoietic phenotype by overexpression of hdac8 through
the injection of hdac8 full-length mRNA in zebrafish embryos. Our results indicated an expansion
of HSPCs following hdac8 mRNA injection. In particular, in accordance with previous works
reporting HDACS to promote survival and proliferation of tumour cells (Wu et al. 2013; Qi et al.
2015; Tian et al. 2015), HSPC expansion was underlined by increased proliferation of this cell
population. Whether this increased self-renewal capability of HSPCs is accompanied by an
impairment of differentiation is currently unknown. To note, by using a Hdac8 conditional knock-
out mouse model Hua and colleagues demonstrated that HDACS is crucial in the maintenance of
long-term haematopoietic stem cells (LT-HSC) survival but seems dispensable in determining
lineage differentiation (Hua et al. 2017). Interestingly, we demonstrated that PCI treatment rescued
HSPC expansion in hdac8-overexpressing embryos and displayed cytostatic and cytotoxic effects
in AML cell lines characterized by high HDACS levels (HL60 and THP-1). As already shown in
other studies (Qi et al. 2015; Rettig et al. 2015; Tian et al. 2015), PCI treatment exerted its effect
by cell cycle arrest in GO-G1 phase and induction of p53-dependent apoptosis, which is not
surprisingly considering p53 negative modulation by HDACS8 (Wu et al. 2013). Importantly, PCI
treatment was effective even in a p53-null context through blocking cell cycle, thus suggesting it
may be an interesting approach for the treatment of malignancies for which apoptosis induction is
inhibited due to p53 mutations. In addition to single treatment, we also assessed PCI in
combination with the standard chemotherapeutical cytarabine and observed a synergistic effect in
all tested AML cell lines. This is interesting as double treatment could be done with lower doses

of each compound, thus reducing possible dose-dependent side effects. Future studies aimed to
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deciphering the molecular mechanisms underlying the synergistic effect of the combination would
allow to identify more relevant pathways involved in tumour progression and to adopt a more
targeted approach.

Analogously to AML cell lines, we observed reduction of proliferation and apoptosis induction
also in murine neural stem cells (NSCs) following either Hdac8 silencing by siRNA or PCI
treatment. Considering the identification of HDACS loss-of-function mutations in CdLS patients
(Deardorff, Bando, et al. 2012; Kaiser et al. 2014; Feng et al. 2014; X. Gao et al. 2018), these
results suggest that the severe intellectual disability characterizing CdLS (Kline et al. 2018) is
likely due to aberrant apoptosis observed during CNS development. To further confirm our data,
we assessed HDACS loss-of-function in vivo, by mean of hdac8 knockdown in zebrafish embryos
through hdac8-MO injection. In accordance with our in vitro results, hdac8-haploinsufficient
embryos displayed an impairment of cephalic structure development which was consequence of
an increased apoptosis, thus confirming the hypothesis that HDACS deficiency impairs CNS
development through dysregulation of apoptosis. Indeed, this effect may be at least in part due to
p53 hyperactivation following HDACS loss. However, HDACS8 dysregulation might also affect
cohesin activity, thus impairing its role during mitosis and in DNA repair (Michaelis, Ciosk, and
Nasmyth 1997; Watrin and Peters 2009; Jeppsson et al. 2014), eventually leading to cell cycle
arrest and apoptosis induction. Consistently with this hypothesis, previous studies in CdLS models
showed that defects of other cohesin complex members reduce cell proliferation and induce
apoptosis (Pistocchi et al. 2013; Fazio et al. 2016), thus sustaining an important role for cohesin
in CNS development. In addition to apoptosis, HDACS inhibition determined a strong reduction
of NSCs differentiation. In line with these data, it was recently reported that CdLS is characterized
by an impairment of retinoic acid (RA) signaling (Fazio et al. 2017), which is a master regulator
of neuronal differentiation, thus suggesting HDACS to play a role in the modulation of this

pathway. Indeed, HDACS8 was reported to be overexpressed in neuroblastoma and its specific
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inhibition impaired tumour growth but, differently from our data, promoted RA-mediated
differentiation (Rettig et al. 2015).

Previous works highlighted a role for HDACS also in smooth muscle tissue (Waltregny et al. 2005;
J. Li et al. 2014). In our work, following hdac8 inhibition in zebrafish embryos, we discovered a
still unreported role in skeletal muscle tissue. We assessed HDACS expression in human skeletal
muscle tissue, rhabdomyosarcoma cell lines, C2C12 murine myoblasts and zebrafish embryos.
Our results indicated that HDACS is expressed in skeletal muscle and displays a nuclear
localization. In particular, we observed that its expression strongly correlated with an advanced
stage of muscle differentiation, as it was higher in differentiated C2C12 and rhabdomyosarcoma
cells compared to undifferentiated C2C12 and low-differentiating rhabdomyosarcoma cells,
respectively. In zebrafish embryos hdac8 expression showed a peak at 36 hpf, a stage in which the
first myogenic wave has already occurred (Stellabotte et al. 2007). These data suggested that
HDACS could be involved in mediating skeletal muscle differentiation. Consistently with this
hypothesis, PCI treatment impaired C2C12 differentiation and caused a reduction of skeletal
muscle myosin both in C2C12 and zebrafish embryos. These results prompted us to investigate
whether HDACS dysregulation could be associated to skeletal muscle disorders such as DMD.
Therefore, we assessed HDACS expression in myotubes from DMD patients and in a zebrafish
DMD model generated by dmd-MO injection (J. R. Guyon et al. 2003). Surprisingly, HDAC8 was
overexpressed in both DMD models, in comparison to respective controls. To our knowledge,
HDACS dysregulation in DMD has never been described so far. Indeed, a previous study indicated
a higher activity of class | HDACs in muscles from dystrophin-deficient Mdx mice, but only
HDAC2 was found to be more expressed compared to wild-type mice (Colussi et al. 2008). This
discrepancy might be due to the fact that Mdx mouse is known to develop a milder DMD
phenotype, compared to human and zebrafish DMD models (Maves 2014). Since inhibition of
HDACs was demonstrated to ameliorate DMD phenotype (Minetti et al. 2006; Johnson, Farr, and

Maves 2013; Mozzetta et al. 2013), we assessed the potential of HDACS specific inhibition by

115



PCI in the treatment of this disorder. PCI treatment was able to increase fusion of human DMD
myoblasts into myotubes and to rescue skeletal muscle lesions in dmd-MO injected zebrafish
embryos, thus raising the possibility that HDACS inhibition may represent a valuable approach
for DMD treatment. In this regard, HDACIi are currently under study as a pharmacological
approach for DMD and pan-HDACI Givinostat is currently in phase 111 clinical trial. Since the
possibility to inhibit a specific HDAC isoform could ameliorate the outcome by reducing side
effects, selective targeting of HDACS is worthy to be studied more in depth in future.

Considering the multiple HDACS roles that we observed, we sought to find possible mechanisms
underlying HDACS activity, other than p53 modulation. A recent work by Tian and colleagues
reported HDACS8 as a positive modulator of canonical Wnt pathway in NAFLD-associated
hepatocarcinoma (Tian et al. 2015). Thus, we tested WNT activity in several disease models both
in vivo and in vitro obtaining many evidences indicating the involvement of HDACS8 in WNT
activation. AML cell lines overexpressing HDACS8 showed high expression of canonical WNT
antagonists PPP2R2B and NKD1 after treatment with PCI. Likely, in C2C12 cells the treatment
with PCI caused reduction of (-catenin active form. In zebrafish, overexpression of HDACS
reduced the expression of canonical Wnt inhibitors and increased the pathway activity in the caudal
haematopoietic tissue; both effects were rescued by inhibiting HDACS8 with PCI or by co-injection
with the canonical Wnt inhibitor dkkl full-length mRNA. Also, wild-type embryos treated with
PCI showed a reduction of B-catenin activation. Moreover, exposure to the canonical Wnt
signaling activator lithium chloride (LiCl) rescued both muscular impairment and apoptosis
induction in Hdac8-deficient embryos. The involvement of HDACS in regulating canonical Wnt
pathway represents an interesting possibility for therapeutical intervention in several contexts.
Different studies reported downregulation of canonical Wnt pathway in CdLS models and LiCl
treatment was already reported to rescue nipblb-deficiency phenotype in zebrafish (Pistocchi et al.
2013; Schuster et al. 2015; Fazio et al. 2016). Similarly, as Wnt signaling is involved in

myogenesis (Abraham 2016), its induction may be taken into account also for skeletal muscle
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diseases. Importantly, the canonical Wnt pathway was reported to be involved in AML insurgence
and maintenance of leukemic cells (Gruszka, Valli, and Alcalay 2019; Mazzola et al. 2019). Thus,
combination of HDACS inhibitors and canonical Wnt pathway antagonist may represent an
intriguing approach to be considered in the treatment of AML.

In addition to the characterization of HDACS role in the modulation of the canonical Wnt pathway,
we also performed acetylome profiling in PCl-treated embryos in order to identify possible other
HDACS targets. Among differently acetylated proteins, we identified cytoskeleton proteins,
namely tubulin-a2/B2 and al skeletal muscle actin. The identification of a-tubulin as HDAC8
target is supported by a recent work by Vanaja and colleagues who demonstrated that HDAC8
deacetylates a-tubulin in different cervical cancer cell lines (Vanaja, Ramulu, and Kalle 2018).
Since alterations of microtubules have been reported in DMD models (Percival et al. 2007;
Khairallah et al. 2012; lyer et al. 2017), we considered it as a relevant feature to be analysed. We
observed a reduction of a-tubulin acetylation status in dmd-MO injected zebrafish embryos, which
was rescued by PCI treatment. The precise mechanism by which restoration of a-tubulin
acetylation status rescued cytoskeleton organization is currently unknown, even though we
speculate it might favour stabilization of microtubules, as tubulin acetylation is considered a
marker of stable microtubules (L. Li and Yang 2015). Although more studies are still needed to
better understand HDACS functions in order to evaluate its feasibility as a pharmacological target
in pathologies characterized by HDACS8 dysregulation, our data support the potential of HDAC8
inhibition in the treatment of DMD.

Lastly, to compare and indirectly validate our findings with HDAC8 mis-regulation, we sought to
investigate the impact of the loss-of-function of another modulator of the cohesin complex, NIPBL,
which is one the most frequently mutated gene in CdLS patients (Krantz et al. 2004; Kline et al.
2018). To assess the effect of NIPBL deficiency on gene expression, we performed the knockdown
of the zebrafish ortholog nipblb by injecting the nipblb-MO and performed RNA-seq analyses on

control and nipblb-MO embryos at 24 hpf and 3 dpf. Following nipblb downregulation at 24 hpf
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we observed deregulated expression of 5691 genes, most of which (4205) were reduced. By
contrast, at 3 dpf only 223 genes were differentially expressed between nipblb-MO and control-
MO embryos. As Nipblb protein was still absent at 3 dpf, these data suggested the existence of a
mechanism opposing to nipblb loss-of-function during development. Possibly, this effect is
mediated by the nipblb paralog nipbla, which expression was increased in nipblb-MO injected
embryos. Indeed, zebrafish nipbl paralogs were suggested to have similar functions, even though
with some functional specialization (Muto et al. 2014). Gene set enrichment analyses revealed that
the genes downregulated at 24 hpf correlated with CdLS phenotype. For example, we identified
genes associated with neural functions, such as neuroactive ligand-receptor interaction, which
could underlie CdLS intellectual disability. Also, we observed downregulation of genes involved
in MAPK signaling pathway and cardiac muscle contraction, previously identified also in a murine
model for Nipbl-haploinsufficiency (Kawauchi et al. 2009) and CdLS NIPBL*" cardiomyocytes
(Mills et al. 2018). Moreover, in line with our previous work, canonical Wnt pathway was
downregulated as well (Pistocchi et al. 2013). Conversely, upregulated genes in nipblb-
haploinsufficient embryos were associated with interferon and immune response. Similar results
were obtained by Yuen and colleagues, who showed that in Nipbl*~ MEF cells upregulation of
stress-induced immune response was caused by downregulation of RNA-processing genes and
aberrant RNA biogenesis (Yuen et al. 2016).

We also performed functional enrichment analysis using a collection of gene sets related to
myeloid differentiation and AML, as recent evidence suggested a role for NIPBL in leukemia
insurgence (Dang et al. 2017; Mazzola et al. 2019; 2020). Noticeably, nipblb-haploinsufficiency
determined upregulation of genes associated with hematopoietic lineage committed progenitor
cells and repressed genes expressed by HSC enriched populations and in AML stem cells, thus
supporting its role in AML insurgence. Also, nipblb loss-of-function determined a transcriptional

pattern resembling the one induced by mutation of nucleophosmin 1 (NMP1), a well-known AML-
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associated gene. However, more studies are needed to further explore NIPBL role in AML

insurgence.
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6.CONCLUSIONS

In these works, we demonstrated that HDACS is implicated in several biological processes and
diseases. HDACS8 downregulation triggers apoptosis and inhibits neural differentiation in the CNS
as well as it impairs differentiation also in skeletal muscle. Conversely, its overexpression triggers
an expansion of HSPCs in zebrafish embryos and is associated with DMD. We showed that
HDACS specific inhibition by PCI-34051 rescues HSPC expansion and exerts cytostatic and
cytotoxic effects in AML cell lines, with a higher efficacy in combination with the standard
chemotherapeutical cytarabine. Moreover, PCI treatment ameliorates DMD phenotype both in
human myotubes and in zebrafish. We also investigated the pathways modulated by HDACS8 such
as cell cycle and apoptosis, canonical Wnt signaling and microtubule arrangement.

In parallel, to further increase the “omics” analyses on HDACS and cohesin, we analysed the effect
of transcriptional dysregulation following NIPBL loss-of-function in zebrafish. By RNA-seq
analyses we observed reduced expression of genes associated with neural differentiation, cardiac
development and MAPK signaling and upregulation of genes associated with immune response.
Interestingly, as observed for HDACS8 mis-regulation, also NIPBL impairment determined
differential expression of genes associated with AML insurgence.

Taken together, our data suggest that HDAC8 and cohesin represent an interesting tool to
understand molecular mechanisms behind the insurgence of specific diseases, such as AML, and

are promising targets for their treatment.
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